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NUCLEAR SPECTRA OF ARSENIC-76 AND RHENIUM-184 
AND RADIATIVE ELECTRON CAPTURE IN GERMANIUM-71
I .  BETA SPECTRA OF ARSENIC-76 AND ENERGY LEVELS 
OF SELENIUM-76 
1 ,  I n t r o d u c t i o n :  S u r v e y  o f  P r e v i o u s  I n v e s t i g a t i o n a l
The r a d i o n u c l i d e ,  a r s e n i c - 7 6 ,  was f i r s t  p r o d u c e d  b y  
an  . (n ,7f )  r e a c t i o n  on a r s e n i c  by  A m a ld i  ( l )  i n  1935*
Many i n v e s t i g a t o r s  (2 )  s t u d i e d  t h i s  i s o t o p e  w i t h  a b ­
s o r p t i o n  t e c h n i q u e s ,  c l o u d  c h a m b e r s  a n d  m a g n e t i c  s p e c t r o ­
g r a p h s .  The r e s u l t s  o b t a i n e d  i n  t h e  e a r l y  e x r  'm e n t s  
w ere  i n c o m p l e t e  a n d  t h e  b e s t  c o n c l u s i o n s  t h s - ' be
d raw n  w e r e :  t h e  b e t a  r a y  e n d - p o i n t  e n e r g y  was a^ v c i -
m a t e l y  3 .0 0 - M e v ,  gamma r a y s  o f  a b o u t  0 .5 -M e v  and 
2 .1 -M e v  w e re  e s t a b l i s h e d ,  and a h a l f - l i f e  o f  27  h o u r s  
was w e l l  a c c e p t e d *
M i l l e r  and  C u r t i s s  (3 )  r e p o r t e d  f o u r  gamma r a y s  
and  t h e i r  r e l a t i v e  i n t e n s i t i e s  i n  194&* Tbe e n e r g i e s  
o b t a i n e d  w e re  0 .5 7 - M e v ,  1 ,2 5 - M e v ,  1 .8 4 -M e v  a n d  2 .1 5 -M e v  
and  t h e i r  r e l a t i v e  i n t e n s i t i e s  w e re  5 : 2 t v e r y  w e a k : v e r y  
w eak .  I n  1947  S e i g b a h n  ( 4 )  m e a s u r e d  t h e  gamma r a y  
e n e r g i e s  by  o b s e r v a t i o n  o f  t h e  Compton s p e c t r u m  a n d  
p h o t o s p e c t r u m  o f  t h e  0 .54&-Mev gamma r a y .  T h r e e  b e t a  
c o m p o n e n t s  o f  3 .0 4 - M e v ,  2 . 4 9 - M e v ,  an d  1 .2 9 -M e v  an d  
a s s o c i a t e d  gamma r a y s  o f  0 . 55-Mev,  1 . 2 - M e v ,  and  1 .7 - M e v
- 1 -
- 2 -
were  e s t a b l i s h e d .  The d i s i n t e g r a t i o n  scheme shown i n  
F i g u r e  I - a  i s  t h a t  s u g g e s t e d  by S e i g b a h n .  P h i l i p  and  
R h e b e i n  ( 5 )  p u b l i s h e d  t h e  d i s i n t e g r a t i o n  scheme 
shown i n  F i g u r e  I - b  i n  1 9 4 8 .  C. S .  Wu ( 6 )  o b s e r v e d  
t h r e e  b e t a  c o m p o n en ts  w h ic h  f i t  gamma r a y  e n e r g i e s  o f  
0 .5 5 7 - M e v ,  1 .2 2 - M e v ,  and 1 .7 8 - M e v .  M a r t y ,  L a b e k r i q u e ,  
and L a n g e v i n  (7 )  i n v e s t i g a t e d  a r s e n i c - 7 6  i n  1949  an d  
o b t a i n e d  f o u r  b e t a  c o m p o n e n t s  o f  e n e r g i e s  0 .4 - M e v ,  
1 . 4 - M e v ,  2 .5 6 - M e v ,  and 3 .1 2 -M e v ,  whose p e r  c e n t  
a b u n d a n c e  w e re  7%, 19%, 21%, and  54%, r e s p e c t i v e l y .
The gamma r a y s  o b t a i n e d  w ere  0 . 5 6 7 - M e v ,  1 . 2  5-Mev,  
1 . 8 - M e v ,  a n d  2 ,1 - M e v .  F i g u r e  I - c  shows t h e  d i s i n t e g r a ­
t i o n  schem e p r o p o s e d  f r o m  t h e s e  d a t a .  W a l t e r  ( 8 )  
p u b l i s h e d  t h e  d i s i n t e g r a t i o n  scheme shown i n  F i g u r e  I - d  
i n  1 9 5 0 .  B a r r  and  M a i e n s c h e i n  ( 9 )  i n v e s t i g a t e d  t h e  
gamma r a y  e n e r g i e s  a s s o c i a t e d  w i t h  a r s e n i c - 7 6  u s i n g  
s c i n t i l l a t i o n  t e c h n i q u e s .  U s in g  a s i n g l e  c r y s t a l ,  
t h e  gamma e n e r g i e s  o b t a i n e d  w ere  0 .5 9 - M e v ,  1 . 1 9 - M e v ,  
1 . 7 3 - M e v ,  an d  1 .9 9 - M e v .  C o i n c i d e n c e  m e a s u r e m e n t s  w e re  
made w i t h  a t w o - c r y s t a l  s p e c t r o m e t e r  and  t h e  gamma 
e n e r g i e s  o b t a i n e d  w e re  0 .5 8 -M e v ,  1 . 2 0 - M e v ,  1 . 7 6 - M e v ,  
and  2 .02 -M ev*
T o m i l s o n  an d  R id w ay  ( 1 0 )  u s e d  a S e i g b a h n  t y p e  
d o u b l e  f o c u s  s p e c t r o m e t e r  a n d  o b t a i n e d  a s  t h e  b e t a  
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t h e  e x p e r i m e n t a l  d a t a  y i e l d e d  a c u r v e  and  had  t o  be 
c o r r e c t e d  f o r  f i r s t  f o r b i d d e n  s h a p e .  The s e c o n d  b e t a  
c o m p o n e n t  o b t a i n e d  was 2 . 4 0 ^ 0 . 03-Mev.  Gamma m e a s u r e — 
m e n ts  on t h e  0 , 55S iO .0 0 6 -M ev  gamma r a y  y i e l d e d  a 
0 ^ = 2 . 0 + 0 . 2  x  1 0 “ ^ ,  w h ic h  f i t s  E2 t r a n s i t i o n .  A n g u l a r  
c o r r e l a t i o n  m e a s u r e m e n t s  w e r e  made a n d ,  a s s u m i n g  t h a t  
t h e  s e l e n i u m - 7 6  g ro u n d  s t a t e  h a s  a n  a s s i g n m e n t  o f  z e r o ,  
t h e  f i r s t  e x c i t e d  s t a t e  i s  +2 and  t h e  g r o u n d  l e v e l  o f  
a r s e n i e - 7 6  i s  - 2 .
P .  H u b e r t  ( 1 1 )  i n v e s t i g a t e d  a r s e n i c - 7 6  w i t h  a mag­
n e t i c  l e n s  s p e c t r o m e t e r  t o  m e a s u re  b o t h  p h o t o e l e c t r o n  
s p e c t r a  a n d  b e t a  s p e c t r a .  C o i n c i d e n c e  m e a s u r e m e n t s  
w e re  made b y  a b s o r p t i o n  m e th o d s  u s i n g  G.M. t u b e s .  I n  
t h e  p h o t o e l e c t r o n  m e a s u r e m e n t s  H u b e r t  o b t a i n e d  two new 
gamma r a y  e n e r g i e s  o f  0 .6 5 -M ev  an d  1 . 4 - M e v ,  a n d  i n  
a d d i t i o f a ,  b y  a n a l y s i s  o f  t h e  F e r m i  p l o t ,  an  i n d i c a t i o n  
o f  f i v e  r a t h e r  t h a n  f o u r  b e t a  c o m p o n e n t s  was o b t a i n e d .  
H u b e r t ’ s r e s u l t s  a r e  shown i n  T a b l e  I .  H u b e r t  i n  h i s  
t h e s i s  d i s c u s s e s  t h r e e  d i s i n t e g r a t i o n  sch em es  a s  shown 
i n  F i g u r e  I - e ,  - f ,  an d  - g ,  and  h i s  r e s u l t s  a g r e e  b e s t  
w i t h  F i g u r e  I - e .
K r a n s h a a r  a n d  G o l d h a b e r  (1 2 )  i n  t h e i r  w ork  on 
d i r e c t i o n a l  c o r r e l a t i o n  a n d  p o l a r i z e d  c o r r e l a t i o n  u s e d  
a r s e n i c - 7 6  a s  a s u i t a b l e  I s o t o p e  f o r  t h i s  t y p e  o f  
m e a s u r e m e n t .  U s in g  s c i n t i l l a t i o n  c o i n c i d e n c e  m e a s u r e ­
m e n t s ,  t h e y  o b t a i n e d  gamma r a y  e n e r g i e s  o f  0 ,5 6 - M e v ,
- 5 -
TABLE X
B a t a  on A r s e n i c - 7 6 . P .  H u b e r t  ( l l ) .
Gamma Ray E n e r n i e u
Compton I n t e n s i t y P h o t o e l e c t r o n I n t e n s i t y
1 0 . 5 5 0 1 0 . 5 5 5 ^ 0 . 0 0 2 0 . 0 9 5 ^ 0 . 0 1
2 - 0 . 0 7 i 0 . 0 4 0.64820.002 0 .2 5 -0 . 02
3 1 . 1 7 0 . 2 l i 0 . 0 4 1 . 2 l l 0 . 0 0 5 o . o i 6 i o . 004
4 1 . 4 0 .014-0 .006 1 .4 1 -0 .0 0 6 0* 0 5 5 - 0 , 0 1
5 2 0 . 0 4 ^ 0 . 0 1 2 , 0 6 2 o . 01
B e t a  Com ponents
No .  E-Mev B“  j6 I n t e n s i t i e s  
f ro m  r - r a y s Log f t .
I 2 . 9 6 52.556 8 . 4
2 2 . 4 0 31.536 28.5+256 8.2
3 1 . 7 5 6.556 3.8+1% 8 . 5
4 1 .20 6.056 12+2% 7 . 5
5 0 . 3 5 2.5% 3 .3 ± 0 .9 % 5 . 9
- 6 -
0 .6 5 - M e v ,  1 .2 1 - M e v ,  and  2 . 1 - M e v .  They  a s s i g n e d  E2 t o  
t h e  0 .6 5 -M e v  gamma r a y  t r a n s i t i o n  an d  Ml t o  t h e  0 .6 5 -M e v  
gamma r a y  t r a n s i t i o n  f r o m  d a t a  on c o r r e l a t i o n  m e a s u r e ­
m e n t s .  From t h e s e  c o r r e l a t i o n  m e a s u r e m e n t s  t h e  a s s i g n ­
m e n t  o f  I  = 0 ,2 ,2  was made t o  t h e  g r o u n d  s t a t e  and  t o  
t h e  f i r s t  two e x c i t e d  s t a t e s  o f  s e l e n i u m - 7 6 .  They 
p u b l i s h e d  a d i s i n t e g r a t i o n  scheme v e r y  s i m i l a r  t o  t h e  
one o f  H u b e r t .  T h i s  i s  F i g u r e  I - f .  M e tz e r  and  Todd (13)  
a l s o  m e a s u r e d  t h e  a n g u l a r  c o r r e l a t i o n  o f  t h e  0 .6 5 -M e v  
a n d  0 ,5 5 -M ev  gamma r a y s .  They o b t a i n e d  f o r  t h e  0 .5 5 -M e v  
t r a n s i t i o n  a n  E2 a s s i g n m e n t  a n d  f o r  t h e  0 .6 5 -M ev  
t r a n s i t i o n  a n  E2 a s s i g n m e n t  an d  s u g g e s t e d  I  = 0 , 2 , 2  f o r  
t h e  g ro u n d  s t a t e  a n d  tw o  f i r s t  e x c i t e d  s t a t e s  o f  
s e l e n i u m - 7 6 .
The d i s i n t e g r a t i o n  scheme t h a t  a p p e a r s  t o  f i t  
t h e  o b s e r v e d  d a t a ,  i s  e i t h e r  F i g u r e  I —e o r  —f .
~7“
2 .  S t u d y  o f  B e t a  and Gamma S p e c t r a ;
C h e m i c a l  P u r i f i c a t i o n :
R a d i o a c t i v e  a r s e n i c - 7 6  was o b t a i n e d  f ro m  Oak R id g e  
N a t i o n a l  L a b o r a t o r y ,  S i x t y  m i l l i g r a m s  o f  C. P .  a r s e n i o u s  
o x i d e  was b o m b ard ed  by t h e r m a l  n e u t r o n s  i n  t h e  Oak R id g e  
r e a c t o r  f o r  one week .  A r s e n i c - 7 6  i s  r a d i o a c t i v e  and  c a n  
d e c a y  t o  s e l e n i u m - 7 6  o r  g e r m a n iu m - 7 6 .  The n e g a t r o n  
t r a n s i t i o n  t o  s e l e n i u m - 7 6  i s  o b s e r v e d  e x p e r i m e n t a l l y  t o  
be p r a c t i c a l l y  one h u n d r e d  p e r  c e n t  o f  t h e  t o t a l  d i s i n ­
t e g r a t i o n  o f  a r s e n i c - 7 6 .  The p o s i t r o n s  e m i t t e d  by 
a r s e n i c - 7 6  have  p r e v i o u s l y  b e e n  i n v e s t i g a t e d  by  t h i s  
a u t h o r  ( 1 4 ) .  The r a t i o  o f  t h e  p o s i t r o n s  t o  t h e  e l e c t r o n s  
was f o u n d  t o  be 0 . 1 $  and  t o  have  a n  e n d - p o i n t  e n e r g y  o f  
670 ^3 0  k e v .  The o b s e r v e d  p o s i t r o n s  do n o t  c o n s t i t u t e  b e t a  
d i s i n t e g r a t i o n .  T h e i r  e x i s t e n c e  i s  due t o  p a i r  f o r m a t i o n  
i n  n e g a t r o n  d e c a y  o f  a r s e n i c - 7 6 .
P r e l i m i n a r y  t o  c h e m i c a l  p u r i f i c a t i o n  o f  t h e  a r s e n i c  
f ro m  a n y  i m p u r i t i e s ,  a s p e c t r o g r a p h i c  a n a l y s i s  was r u n  on 
an  i n a c t i v e  s a m p le  o f  C .P ,  a r s e n i o u s  o x i d e .  An ARL 3 - m e t e r  
g r a t i n g  s p e c t r o g r a p h  was u s e d  t o  a n a l y z e  f o r  an y  t r a c e  o f  
i m p u r i t i e s .  The r e s u l t s  a r e  shown i n  T a b l e  I I .
A n t im o n y  a c t i v i t i e s  w ou ld  d e f i n i t e l y  b e  e x p e c t e d  
on t h e  b a s i s  o f  t h i s  a n a l y s i s .  B o th  a n t i m o n y - 1 2 2  and 
a n t i m o n y - 1 2 4  w i l l  be fo rm e d  i n  c e r t a i n  am o u n ts  d e p e n d ­
i n g  on s e v e r a l  f a c t o r s  t h a t  i n f l u e n c e  y i e l d  i n  a t h e r m a l  
n e u t r o n  r e a c t i o n .  A r e e n i c - 7 6  i s  t h e  o n l y  a r s e n i c  
i s o t o p e  e x p e c t e d  t h o u g h  a n , 2 n  r e a c t i o n  m ig h t  o c c u r
S p e c t r o g r a p h i c  A n a l y s i s  o f  
C h e m i c a l l y  P u r e  A r s e n i o u s  O x ide
S e n s i t i v i t y * , (1 5 )  O b s e rv e d  i n  
E l e m e n t  o f  t h e  A n a l y s i s  A r s e n i o u s  O x id e
As 100  +
Sb 20  +
Sn  2  ?
Na 0 . 1
Gc 7
Ga 4  **
S e 1 "•
K 0 . 1
B i  10
Pb 0 . 2
Pe  0 . 1
Co 40
Hi 5
* P a r t s  p e r  m i l l i o n ,  b y  w e i g h t  i n  g ram s  
t h a t  c a n  be  o b s e r v e d  by  s p e c t r o g r a p h i c  a n a l y s i s .
b u t  i s  o f  low p r o b a b i l i t y .  The o t h e r  e l e m e n t s  l i s t e d  
w ere  n o t  d e t e c t e d  by a n a l y s i s ,  b u t ,  u s i n g  t h e i r  l i m i t  
o f  s e n s i t i v i t y  i n  p a r t s  p e r  m i l l i o n  by  w e i g h t  i n  g ram s 
a s  t h e  u p p e r  l i m i t  o f  t h e  amount  o f  e a c h  p r e s e n t ,  t h e  
maximum t h e o r e t i c a l  y i e l d  c a n  be c a l c u l a t e d .  The u p p e r  
l i m i t  o f  y i e l d  i s  t h e  maximum am ount  o f  r a d i o n u c l i d e  
p r e s e n t  i n  a t o m s .  E x p e r i m e n t a l  c r o s s - s e c t i o n s  w e re  t a k e n  
f r o m  t h e  l i t e r a t u r e s ;  ( 1 6 )  s e e  T a b l e  I I I .  The f o l l o w i n g  
e q u a t i o n  was u s e d  i n  c a l c u l a t i o n s  o f  t h e  maximum p o s s i b l e  
y i e l d :
Y » N c r f ( l - e ’ A t ) 
w h e r e ,
Y = y i e l d  o f  r a d i o n u c l i d e s  i n  a to m s
N = number  o f  a to m s  bom barded
t  « t i m e  o f  bom bardm en t  i n  s e c o n d s
— 1  — 9f  = f l u x  o f  n e u t r o n s  i n  s e c o n d s  , c e n t i m e t e r s
e x p e r i m e n t a l  a c t i v a t i o n  c r o s s - s e c t i o n s  i n
b a r n s  ( 1 0 “ 24  cm . )
\  = d i s i n t e g r a t i o n  c o n s t a n t  ( — )
«  1 /2  
1 / 2  “ h a l f - l i f e  o f  t h e  r a d i o n u c l i d e  i n  s e c o n d s .
One m i l l i g r a m  o f  e a c h  e l e m e n t ,  o t h e r  t h a n  a r s e n i c  
( T a b l e  I I )  was a d d e d  a s  a h o l d - b a c k  c a r r i e r .  I n  l a t e r  im­
p r o v e m e n t s  o f  t h e  p u r i f i c a t i o n  p r o c e d u r e  i t  was f o u n d  s u f f i ­
c i e n t  t o  add o n l y  h o l d - b a c k  c a r r i e r s  o f  a n t i m o n y  a n d  s o d iu m .
T,he p u r i f i c a t i o n  p r o c e d u r e  u s e d  was s i m i l a r  t o  
t h a t  d e v e l o p e d  i n  t h e  R a d i a t i o n  L a b o r a t o r y  o f  t h e  
U n i v e r s i t y  o f  C a l i f o r n i a  ( 1 7 ) .  A r s e n i c  t r i c h l o r i d e
-1 0
T a b l e  I I I
C a l c u l a t i o n  o f  Y i e l d  o f  R a d i o a c t i v e  I s o t o p e s
i n  A r s e n i c  Oxide  Sam ple
Min.
d e t e c t a b l e
a m t .  i n  gms. Y i e l d
E l e ­
m ent
I s o t o p e
% C '  a c t .
by  s p e c t .  
a n a l y s i s Tl / 2
number  
o f  a to m s
As A s - 7 5 (1 0 0 ) 4 . 2 l 0 . 8 . 06 27h l . x l O 9
Sb S b - 1 2 1 ( 57) 6 . 8  £1 . 5 2 x l 0 “ 5 2 . 8 d 2 . 9 x l 0 5
Sb S b - 1 2 3 ( 4 3 ) 2 . 5 - 0 . 5 2 x 1 0 - 5 60d 5x10^
Na Na- 2 3 ( 1 0 0 ) . 5 4 - .  03 . 1 x 1 0 ” 6 15h 5 x l 0 2
K K - 4 1 ( 6 . A ) 1 . 0 i . 2 . 1 x 1 0 - 6 1 2 . 4h 1x103
Ge G e - 7 6 ( 7 . 8 ) . 0 2 i . 0 1  . , 7 x l 0 " 6 12h n e g l i g i b l e
Ga G a - 7 1 ( 4 0 ) 3 . 4 i 0 . 8 4 x 1 0” 6 14h 11
Se S e - 7 4 ( . 8 7 )  2 4 + 6 l x l O - 6 1115d n
Sn S n - 1 1 2 ( .  95) •
0
 
+1•H 2xl0**6 112d 11
Sn S n - l l 6 ( 1 4 ) 5i2mb 2 x 1 0~6 1 4 .  5d ti
Sn S n - 1 1 8 ( 2 4 . ) l 0 l 6 m b 2 x l € P 6 245d 11
Sn S n - 1 2 0 ( 3 3 ) 1 . Oi l .Omb 2 x 1 0 - 6 40 Od n
Sn S n - 1 2 4 ( 6 . 0 ) 4 i 2 mb 2 x 1 0 - 6 lOd it
B i* B i - 2 0 9 ( 1 0 0 )
Pb**
Fe F e - 5 8 ( . 8 3 )
0CM • 
+ 
ic-0• O . l x l O ” 6 47 d 11
Co C o ( 5 9 ) ( 1 0 0 ) 20 i 3 4 0 x 1 0~6 5 . 3 y it
Co*** C o ( 5 9 ) ( lO O ) 14-3 4 0 x 1 0 - 6 10 .7 m n
Ni**
* P r o d u c e s  
** A l l  s h o r t
a  e m i t t e r  
l i f e  i s o t o p e s
*** A l l  10 .7 m  s t a t e s  g o e s  t o  5 . 3 y  ( e x c e p t  f o t  . 0 3 %)
was d i s t i l l e d  i n  a s t r e a m  o f  h y d r o g e n  c h l o r i d e  g a s  
and t h e  s u l f i d e s  o f  a r s e n i c  p r e c i p i t a t e d  w i t h  h y d r o g e n  
s u l f i d e .  The d i s t i l l a t e  was c o l l e c t e d  i n  12-N 
h y d r o c h l o r i c  a c i d  an d  t h e  s u l f i d e s  p r e c i p i t a t e d  i n  
t h i s  medium. The p u r i f i c a t i o n  was t e s t e d  by  m e a s u r e ­
m ent  o f  t h e  h a l f - l i f e  o f  e a c h  f r a c t i o n  a f t e r  e a c h  
p u r i f i c a t i o n  c y c l e .  The p u r i f i c a t i o n  p r o c e d u r e  was a s  
f o l l o w s :
1 ,  A r s e n i o u s  o x i d e  was rem oved  f r o m  t h e  b o m b a r d ­
m ent  c a p s u l e  w i t h  b o i l i n g  w a t e r .  Ten m i l l i l i t e r s  o f  
b o i l i n g  w a t e r  d i s s o l v e d  a p p r o x i m a t e l y  o n e - t e n t h  o f
t h e  t o t a l  s a m p l e ,
2 ,  The s a m p le  c o n t a i n i n g  a b o u t  one m i l l i c u r i e  o f  
a c t i v i t y  was t r a n s f e r r e d  t o  a d i s t i l l a t i o n  f l a s k  and  
a c i d i f i e d  w i t h  12-K h y d r o c h l o r i c  a c i d ,
3 ,  One m i l l i l i t e r  o f  h o l d b a c k  c a r r i e r  s o l u t i o n  
o f  t h e  i m p u r i t i e s  was a d d e d .  One m i l l i g r a m  e a c h  o f  
s o d iu m ,  a n t i m o n y ,  t i n ,  g e rm a n iu m ,  g a l l i u m ,  s e l e n i u m ,  
i r o n ,  c o b a l t ,  n i c k e l ,  p o t a s s i u m ,  b i s m u t h ,  and l e a d  w ere  
t r i e d  d u r i n g  v a r i o u s  r u n s  t o  f i n d  o u t  w h a t  t h e  i m p u r i t i e s  
w ere  a n d  t o  rem ove  th e m .  I n  t h e  f i n a l  r u n s  i t  was 
fo u n d  n e c e s s a r y  t o  a d d  o n l y  s o d iu m  an d  a n t i m o n y  a s  
c a r r i e r s .  Ten m i l l i g r a m s  e a c h  o f  a n t i m o n y  a n d  s o d iu m  
was t h e  amount  d e c i d e d  on f o r  t h e  b e s t  r e s u l t s ,
4 ,  F o u r  m i l l i l i t e r s  o f  a c o n c e n t r a t e d  c u p r o u s  
c h l o r i d e - 1 2 —N h y d r o c h l o r i c  a c i d  s o l u t i o n  were  a d d e d  t o
- 1 2 -
k e e p  t h e  a r s e n i c  i n  t h e  p l u s  t h r e e  o x i d a t i o n  s t a t e .
5 .  H ydrogen  c h l o r i d e  g a s  was t h e n  b u b b l e d  t h r o u g h  
t h e  f l a s k  a t  a s t e a d y  r a t e  an d  t h e  s o l u t i o n  h e a t e d  
j u s t  t o  b o i l i n g .
6 .  The a r s e n i c  t r i c h l o r i d e  was d i s t i l l e d  o v e r  
i n t o  two m i l l i l i t e r s  o f  12-N h y d r o c h l o r i c  a c i d  im m ersed  
i n  an  i c e  b a t h .
7 .  A f t e r  a d d i t i o n  o f  more 12-N h y d r o c h l o r i c  a c i d  
t o  k e e p  t h e  a c i d  c o n c e n t r a t i o n  h i g h ,  h y d r o g e n  s u l f i d e  
was p a s s e d  i n t o  t h i s  s o l u t i o n  an d  t h e  s u l f i d e s  o f  
a r s e n i c  p r e c i p i t a t e d .
8 .  The s u l f i d e  p r e c i p i t a t e  was c e n t r i f u g e d ,  w ash ed  
w i t h  6-N h y d r o c h l o r i c  a c i d  s a t u r a t e d  w i t h  h y d r o g e n  
s u l f i d e  and  r e d i s s o l v e d  i n  1 5-N ammonium h y d r o x i d e ,
9» T h i s  s o l u t i o n  was t r a n s f e r r e d  t o  t h e  d i s t i l l a ­
t i o n  f l a s k  and  a c i d i f i e d  w i t h  12-N h y d r o c h l o r i c  a c i d .
The c u p r o u s  c h l o r i d e - h y d r o c h l o r i c  a c i d  s o l u t i o n  was 
a d d e d  and  t h e  d i s t i l l a t i o n  r e p e a t e d .
1 0 .  A s u p p l e m e n t a r y  p r o c e d u r e  was u s e d  f o r  t h e  
p r e p a r a t i o n  o f  l a r g e  a m o u n ts  o f  a r s e n i c - 7 6  f o r  u s e  i n  
p h o t o e l e c t r o n  m e a s u r e m e n t s .  The t o t a l  sample  was 
d i s s o l v e d  i n  h o t  12-N h y d r o c h l o r i c  a c i d  and  a n t i m o n y  
and  s o d iu m  c a r r i e r  a d d e d ,  10 m i l l i g r a m s  o f  e a c h .  The 
s u l f i d e s  w ere  p r e c i p i t a t e d  a n d  d r i e d  f o r  s a m p le  p r e ­
p a r a t i o n .
I n  o r d e r  t o  c h e c k  t h e  p u r i f i c a t i o n  o b t a i n e d  by
- 1 3 -
t h i s  d i s t i l l a t i o n  a n d  t o  i d e n t i f y  t h e  i m p u r i t i e s ,  h a l f -  
l i f e  m e a s u r e m e n t s  w ere  c a r r i e d  o u t  on  t h e  v a r i o u s  
f r a c t i o n s  a t  e a c h  s t e p  o f  t h e  p u r i f i c a t i o n .  F i g u r e  2 
shows t h e  r e s u l t s  o f  t h e  h a l f - l i f e  m e a s u r e m e n t s .  I t  
a l s o  shows t h e  h a l f - l i f e  c u r v e  f o r  t h e  u n p u r i f i e d  
s a m p le  and t h e  h a l f - l i f e  c u r v e  a f t e r  s e v e n  p u r i f i c a t i o n  
c y c l e s .  The h a l f - l i f e  m e a s u r e m e n t s  w e re  made u s i n g  a 
G.M. t u b e  w i t h  a 1 . 9  m g . /c m 2 window and  c o u n t i n g  u n d e r  
r e p r o d u c i b l e  g e o m e t r y .  A l l  s a m p l e s  were  m o un ted  i n  
g l a s s  p e t r i  d i s h e s  and  t h e  p e t r i  d i s h e s  w e r e  m o u n ted  
f o r  c o u n t i n g  on a n  a lu m in u m  s h e l f .  T h e se  m e a s u r e m e n t s  
w ere  t a k e n  t o  e s t a b l i s h  t h e  d e g r e e  o f  t h e  c h e m i c a l  
p u r i f i c a t i o n .  O b s e r v a t i o n  o f  F i g u r e  2 shows t h e  u n p u r i ­
f i e d  f r a c t i o n  d o e s  n o t  f o l l o w  a 27  h o u r  h a l f - l i f e  o f  
a r s e n i c - 7 6 ,  e v e n  i n  t h e  f i r s t  s t a g e s  o f  o b s e r v a t i o n .
T h i s  i s  b e l i e v e d  t o  be due t o  t h e  p r e s e n c e  o f  t h e  2 . 8  
d a y  a n t i m o n y - 1 2 2 .
I n  a l l  c a s e s  t h e  r e s i d u e  f r o m  t h e  d i s t i l l a t i o n  
was a l s o  a n a l y z e d  f o r  i m p u r i t i e s .  F i g u r e  3 shows h a l f -  
l i f e  m e a s u r e m e n t s  y i e l d i n g  h a l f - l i f e  p e r i o d s  o f  60 d a y s  
an d  62 d a y s .  A p a r t i a l  s c i n t i l l a t i o n  s p e c t r u m  o f  t h e  
a c t i v i t y  a s s o c i a t e d  w i t h  t h e  6 0 -6 2  d a y  p e r i o d  showed 
t h i s  a c t i v i t y  t o  be a n t i m o n y - 1 2 4 .  No e v i d e n c e  f o r  o r  
a g a i n s t  t h e  p r e s e n c e  o f  s o d iu m - 2 4  was f o u n d .  B u t ,  due  
t o  t h e  s i m i l a r i t y  o f  gamma r a y  e n e r g i e s  b e t w e e n  a r s e n i c - 7 6  
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Figure 2 Ha l f - l i f e  M e as u re m e n t  before Purif icat ion and  a f t e r  
Seven  Purif ica t ions
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Figure 3 H a l f - l i f e  Measurem ent  o f Residue L e f t  a f t e r  
Arsenic  -  7 6  P u r i f i c a t io n
- 1 6 -
I t  was i m p o s s i b l e  t o  d i s t i n g u i s h  a n y  so d iu m - 2 4  i n  
t h e  h a l f - l i f e  m e a s u r e m e n t  o r  by  m e a s u r e m e n t  o f  b e t a  
o r  gamma r a y s .
The c h e m i c a l  p r o c e d u r e  u s e d  f o r  p u r i f i c a t i o n  o f  
t h e  r a d i o a c t i v e  a r s e n i c  p r o v e d  t o  b e  e f f e c t i v e .  I t  
i s  f a s t  an d  e a s i l y  r e p r o d u c i b l e  w i t h  a l l  c o n c e n t r a ­
t i o n s  o f  a r s e n i c  u s e d .  I n d e p e n d e n t l y ,  e x c e l l e n t  
r e s u l t s  hav e  b e e n  o b t a i n e d  on a m o u n t s  o f  a r s e n i c  a s  
low  a s  1 0  gm. a n d  a f e w  h u n d r e d  d i s i n t e g r a t i o n s  
p e r  m i n u t e  ( 1 8 ) .
The m a in  r a d i o a c t i v e  i m p u r i t i e s  o f  a n t i m o n y  w ere  
s u c c e s s f u l l y  r e m o v ed  an d  t h e  p u r i f i c a t i o n  o f  a r s e n i c - 7 6  
shown t o  be e x c e l l e n t  by  t h e  s t r a i g h t  l i n e  p e r i o d  o f  
27 h o u r s  f o l l o w e d  t o  b a c k g r o u n d  on s e v e r a l  s a m p l e s *
D e t e r m i n a t i o n  o f  Samma Rays
The m e a s u re m e n t  o f  gamma r a y s  i n c l u d e s  t h e  e n e r g y  
o f  t h e  gamma r a y  and i t s  r e l a t i v e  i n t e n s i t y  a s  co m p a re d  
t o  t h e  o t h e r  gamma r a y s  o f  t h e  same i s o t o p e .  A s s i g n ­
m en t  o f  gamma r a y  i n  a d i s i n t e g r a t i o n  scheme may be 
a c c o m p l i s h e d  b y  d i f f e r e n c e  i n  e n e r g y  l e v e l s  t h a t  a r e  
w e l l  e s t a b l i s h e d  ( t h a t  i s  f ro m  b e t a  r a y  m e a s u r e m e n t s )  
o r  by  c o i n c i d e n c e  t e c h n i q u e s ,  e i t h e r  gamma-gamma o r  
b e t a - g a m m a .  The l a t t e r  i s  e s p e c i a l l y  good f o r  a c o m p le x  
d i s i n t e g r a t i o n  s ch em e .
The e n e r g y  o f  t h e  gamma r a y s  was d e t e r m i n e d  b y  two
m e t h o d s ;  l )  ® b s e r v a t i o n  o f  t h e  p h o t o e l e c t r o m  p e a k s  
p r o d u c e d  when t h e  gamma r a y s  i n t e r a c t s  w i t h  a m a t e r i a l  
o f  s u i t a b l e  a t o m i c  number  and  f o c u s i n g  o f  t h e s e  e l e c ­
t r o n s  i n  a m a g n e t i c  f i e l d  t o  a d e t e c t o r  p o i n t , 2 ) a s i n g  
t h e  p h o s p h o r  N a l (T l  ) c o u p l i n g  t o  a p h o t o m u l t i p l i e r  
t u b e ’, a m p l i f y i n g  t h e  p u l s e s  p r o d u c e d  an d  a n a l y z i n g  
t h i s  p u l s e  a s  t o  h e i g h t  i n  a p u l s e  heifefet a n a l y z e r  
c i r c u i t  t o  d e t e c t  t h e  gamma r a y  e n e r g y .  A l l  d a t a  w e re  
o b s e r v e d  u s i n g  t h e s e  m e th o d s  o r  some v a r i a t i o n .
The m e a s u re m e n t  o f  t h e  p h o t o e l e c t r o n  s p e c t r u m  o f  
t h e  gamma r a y s  o f  a r s e n i c - 7 6  was c a r r i e d  o u t  w i t h  a 
t h i c k  l e n s  t y p e  s o l e n o i d a l  s p e c t r o m e t e r  ( 1 9 ) .  The 
s p e c t r o m e t e r  c o n s t a n t  a s  d e t e r m i n e d  by  a c e s i u m - 1 3 7  
c a l i b r a t i o n  ( 2 0 )  was K = 1 2 1 4 0 i . 5 3 $  g a u s s - c e n t i m e t e r s  
volts" '"*-.  The s a m p l e s  w ere  p l a c e d  i n  a b r a s s  c a p s u l e  
an d  t h e  r a d i a t o r s  w e re  a t t a c h e d  t o  t h e  b r a s s  c a p s u l e s  
by  a lu m in u m  c a p s .
The t o t a l  p h o t o e l e c t r o n  s p e c t r u m  o f  a r s e n i c - 7 6  
was m e a s u re d  s e v e r a l  t i m e s  u s i n g  u r a n i u m  r a d i a t o r s  o f  
v a r i o u s  t h i c k n e s s .  F o r  one m e a s u r e m e n t  a t i n  r a d i a t o r  
was u s e d .  F i g u r e  4  shows a r e p r e s e n t a t i v e  p l o t  o f  
t h e  t o t a l  p h o t o  s p e c t r u m  a s  m e a s u r e d  w i t h  a u r a n i u m  
r a d i a t o r  o f  70 m i l l i g r a m s  p e r  s q u a r e  c e n t i m e t e r  a n d ,  
d i a m e t e r  o f  10 m i l l i m e t e r s .  I n  t h i s  f i g u r e  t h e  gamma 
r a y s  shown a r e  t h e  0 .5 5 -M e v  K p e a k ,  0 .5 5 -M e v  L p e a k  
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Fig u re  4  Total Photoelectron Spec t rum  o f  Arsenic -  76 .  U Radia tor  7 0 m g / c m  0 = l O m m
- 1 9 -
K and  L p e a k  a n d  t h e  2 .0 5 -M e v  K p e a k .  The v a l u e  u s e d
f o r  t h e  K and  L b i n d i n g  e n e r g i e s  i n  u r a n i u m  w ere
1 1 5 . 0 4  k e v  and  2 1 . 7 6  k e v ,  r e s p e c t i v e l y  ( 2 1 ) .
To r e s o l v e  t h e  0 .5 5 -M e v  and 0 .6 5 -M e v  gamma r a y s ,  
a t i n  r a d i a t o r  o f  3 0  m i l l i g r a m  p e r  s q u a r e  c e n t i m e t e r s  
a n d ,  d i a m e t e r  o f  7 m i l l i m e t e r s  was u s e d .  F i g u r e  5 shows 
t h e  r e s u l t s  o b t a i n e d  i n  t h e  m e a s u r e m e n t  o f  t h e  p h o t o ­
e l e c t r o n  s p e c t r u m  p r o d u c e d  by  t h e  t i n  r a d i a t o r .  No 
L p e a k s  a r e  o b s e r v e d  d u e  t o  t h e  lo w  p r o b a b i l i t y  o f  
L p h o t o e l e c t r o n  p r o d u c t i o n  w i t h  a m a t e r i a l  o f  Z a s  
lo w  a s  t i n .  T h i s  g r a p h  g i v e s  e v i d e n c e  o f  t h e  0 .6 5 -M e v  
gamma r a y .  The K b i n d i n g  e n e r g y  u s e d  f o r  t i n  was
2 9 . 0 4  k e v  ( 2 1 ) .
F i g u r e  6 y i e l d s  t h e  K p e a k  o f  t h e  1 .4 -M e v  gamma 
r a y  and g i v e s  a c o m p a r i s o n  o f  t h i s  t o  t h e  K a n d  L p e a k s  
o f  t h e  1 .2 -M e v  gamma r a y .  The r e s u l t s  show t h a t  a gamma
r a y  o f  1 .4 -M e v  e x i s t s .
U s in g  F i g u r e s  4 ,  5 ,  6 ,  7 and  8 ,  t h e  e n e r g i e s  o f  
e a c h  gamma r a y  c a n  be o b t a i n e d  u s i n g  t h e  r e l a t i o n s h i p  
shown g r a p h i c a l l y  i n  F i g u r e  9 .  T h i s  i s  t h e  c a l i b r a t i o n  
c u r v e  f o r  t h e  t h i c k  l e n s  m a g n e t i c  s p e c t r o m e t e r  and  c a n  
be  e x p r e s s e d  i n  e q u a t i o n  f o r m  a s  f o l l o w s :
© x K = H^ >
w h e re  © i s  i n  v o l t s  an d  K i s  t h e  s p e c t r o m e t e r  c o n s t a n t  
p r e v i o u s l y  s t a t e d  ( 2 0 ) .
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Figure 6  Arsenic  -  76  i n t e n s i t y  C om pa r i son  12 0 _ Mev and l . 4 0 _ Mev Gamma Rays 
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Figure 7 A r s e n ic -7 6  Intensity C om par i son  1.20 Mev and  2.05 Mev Gamma Rays 
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Figure 8 A rsen ic - 7 6  Intensity Comparison 0.55-M ev and 1.20-Mev Gamma Rays 
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Figure 9  P o t e n t i o m e t e r  Reoding -  E ne rgy  R e l a t i o n s h i p
- 2 5 -
T a b l e  IV i s  a c o m p i l a t i o n  o f  a l l  d a t a  o b s e r v e d  
on t h e  e n e r g i e s  o f  t h e  p h o t o e l e c t r o n  p r o d u c e d  by  gamma 
r a y s  i n  a r s e n i c —7 6 .  A l s o  shown a r e  some d a t a  o b t a i n e d  
w i t h  a l e a d  r a d i a t o r  b u t  t h e  p h o t o e l e c t r o n  s p e c t r u m  
i s  n o t  show n.  Where t h e  same p h o t o e l e c t r o n  p e a k  was 
o b s e r v e d  s e v e r a l  t i m e s ,  t h e  a v e r a g e  v a l u e  o f  Q was 
u s e d .
The r e l a t i v e  i n t e n s i t i e s  o f  e a c h  gamma r a y  was 
d e t e r m i n e d  by m e a s u r e m e n t  o f  t h e  a r e a  u n d e r  e a c h  p h o t o -  
e l e c t r o n  p e a k  a s s o c i a t e d  w i t h  t h e  gamma r a y .  A 
K e u f f e l  a n d  E s s e r  c o m p e n s a t i n g  p o l a r  p l a n i m e t e r  was  
u s e d  t o  m e a s u re  e a c h  p h o t o  p e a k  a r e a .  B e c a u s e  o f  t h e  
v a r i a t i o n  o f  t h e  p h o t o e l e c t r o n  p r o d u c t i o n  w i t h  e n e r g y  
o f  t h e  gamma r a y  t h e  p h o t o e l e c t r o n  a r e a s  m u s t  be c o r ­
r e c t e d .  By k e e p i n g  t h e  v a r i a b l e s  i n  t h e  s p e c t r o m e t e r  
aohs$ahfc  an d  u s i n g  t h e  same r a d i a t o r ,  t h e  m e a s u r e d  a r e a  
c a n  b e  c o r r e c t e d  f o r  momentum n o r m a l i z a t i o n  an d  p h o t o ­
e l e c t r o n  e f f i c i e n c y .  F i g u r e s  1 0  a n d  11 a r e  t h e  
t h e o r e t i c a l  p h o t o e l e c t r o n  e f f i c i e n c y  c u r v e s  f o r  t i n  
and u r a n i u m .  T h e s e  c u r v e s  w e re  t a k e n  o r  c a l c u l a t e d  f r o m  
a n  a r t i c l e  by  D a v i s o n  a n d  E v a n s  ( 2 2 ) .  The c u r v e  f o r  
t i n  a g r e e s  w e l l  w i t h  e x p e r i m e n t a l  d a t a  afroA t h e  e x t r a ­
p o l a t e d  v a l u e s  o f  T a / Z ^ n  f o r  u r a n i u m ,  a l s o ,  a g r e e  w i t h  
e x p e r i m e n t a l  r e s u l t s .
From F i g u r e  5 t h e  m e a s u re d  i n t e n s i t y  r a t i o  o f  t h e  
p h o t o e l e c t r o n  p e a k s  i n  t e r m s  o f  a r e a  was . 2 3 7 / . 0 3 4 4  =
- 2 6 -
ff a b l e  IV
Gamma Ray E n e r g i e s  f r o m  P h o t o e l e c t r o n  S p e c t r u m
E n e rg y -M ev P b - r a d i a t o r * S n - r a d i a t o r U-• r a d i a t o r
0 . 5 5  K © « . 2 3 © = .2 4 5 © = .2 1 7 5
H = 2 7 9 2 . 2 H = 2976 H = 2 6 4 4 . 5
E = . 5 5 7 E = . 5 4 6 E « . 5 4 8
0 . 5 5 L © = . 2 5 © s . 2 4 8
H = 3035 H s 3000
E SS . 5 4 8 E s .5 5 2
0 . 6 5 K © = .2 7 5
H = 3345
E = . 6 4 4
0 . 6 5 L © _ . 2 7 8
H = 3345
E 33 . 6 4 8
1 . 2 0 K © as . 4 2 5 © — .  4 1 4
H = 5159 H = 5026
E s 1 . 2 0 5 E 35 1 . 2 0 1
1 . 2 0 L © mm • 44
H s 5342
E 2 1 . 2 0 3
1 . 4 0 K © mm . 4 7 2
H 2 5734
E S 1 . 3 9 7
v\o•CM K © . 6 5 7
H = 7976
E 2 2 . 0 4 9
* P b ,  K B i n d i n g  E n e r g y  = 8 7 . 9  k e v ,  P b ,L  B i n d i n g  
E n e r g y  » 1 5 . 8 6  k e v .
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Energy -  M ev
30 4.0
F igu re  11 P h o to e le c t ro n  E f f ic ie n c y  -  U ra n iu m
- 2 9 -
A - 0 , 5 5 / A - 0 . 6 5 ,  w h e re  . 2 3 7  i s  t h e  a r e a s  o f  t h e  0 . 55-Mev 
p h o t o  p e a k  and  , 0 3 4 4  i s  t h e  a r e a  o f  t h e  0 , 6 5 —Mev 
p h o t o  p e a k .  A - 0 , 5 5  i s  t h e  n o t a t i o n  f o r  a r e a  -  0 , 5 5 -  
Mev gamma r a y .  F i g u r e  6 y i e l d s  an  i n t e n s i t y  r a t i o  o f  
. 1 4 5 / . 0 1 5  = A - 1 . 2 0 / A - 1 . 4 0 .  F i g u r e  7 g i v e s  a s  t h e  i n ­
t e n s i t y  r a t i o  . 1 6 4 / . 0 1 5  -  A - 0 . 5 5 / A - 1 . 2 0 ,  From F i g u r e  8 
t h e  i n t e n s i t y  r a t i o  o f  t h e  1 .2 0 -M e v  and  2 .0 5 -M e v  
p h o t o e l e c t r o n  p e a k  was , 4 5 6 / , 0 6  -  A - l * 2 0 / A - 2 . 0 5 ,  From 
o t h e r  g r a p h s ,  n o t  show n ,  t h e  f o l l o w i n g  i n t e n s i t y  r a t i o s  
were  o b t a i n e d :  , 1 4 3 / , 0 1 5  = A - 1 , 2 0 / A - 1 . 4 0 ^  , 1 5 6 / , 0 1 3  “ 
A - 1 . 2 0 / A - 1 . 4 0  a n d  , 5 2 4 / 1 0 0 5  * A - 0 . 5 5 / A - 2 . 0 5 .
I n  T a b l e  V t h e  i n t e n s i t y  r a t i o s  a r e  t a b u l a t e d  a n d  
c o r r e c t e d  f o r  e n e r g y  c o n s i d e r a t i o n s  a n d  a s e t  o f  r e l a ­
t i v e  gamma r a y  i n t e n s i t i e s  o b t a i n e d  on t h e  b a s i s  o f  
t h e  0 , 55-Mev gamma r a y  i n t e n s i t y  b e i n g  e q u a l  t o  u n i t y .  
The u n c o r r e c t e d  a r e a  i s  n o r m a l i z e d  b y  d i v i d i n g  i t  b y ,  6 ,  
i t s  momentum v a l u e  i n  v o l t s .  Then  t h e  n o r m a l i z e d  a r e a  
i s  d i v i d e d  by t h e  p h o t o e l e e t r o n  e f f i c i e n c y  f a c t o r ,  
w h ic h  i s  t a k e n  f r o m  F i g u r e s  1 0  and* 1 1 .  T h i s  y i e l d s  a 
r a t i o  o f  r e l a t i v e  i n t e n s i t i e s  o f  gamma r a y s  i n  w h i c h  
one o f  t h e  gamma r a y  i n t e n s i t i e s  i s  s e t  e q u a l  t o  u n i t y .  
A l l  gamma r a y  i n t e n s i t i e s  w e r e  a d j u s t e d  s e t t i n g  t h e  
i n t e n s i t y  o f  t h e  0 . 55-Mev gamma r a y  a s  u n i t y .
The gamma r a y  s p e c t r u m  o f  a r s e n i c - 7 6  was a l s o  o b ­
s e r v e d  u s i n g  a s i n g l e  c h a n n e l  s c i n t i l l a t i o n  s p e c t r o m e t e r  
( 2 3 ) .
- 3 0 -
T a b l e  V
I n t e n s i t i e s  o f  Gamma R a y  f ro m  P h o t o e l e c t r o n  S p e c t r u m
E n e r g y R a d i a t o r R a t i o  
o f  A rea
a* C o r r e c t  R a t i o s  
o f  A rea
R e l a t i v e
I n t e n s i t i e s
. 5 5 Sn .2 3 7 . 8 4 . 5 1 3 1 . 0 1
.6 5 .0 3 4 4 . 5 6 .0 9 4 5 0 . 1 9 0 . 1 9
.5 5 U . 1 6 4 . 5 8 . 5 1 4 1 . 0 1
1 . 2 .0 1 5 .12 . 1 0 4 0 . 2 0 0 . 2 0
1 . 2 U .1 4 5 .1 2 1 . 0 1 1 . 0 0 . 2 0
1 . 4 .0 1 5 . 0 9 4 . 1 1 5 . 1 1 5 .0 2 3
1 . 2 U .4 5 6 .1 2 3 . 1 7 1 . 0 0 .2 3
2 . 0 5 . 0 6 . 0 5 3 .0 5 5 . 1 8 .0 3 6
1 . 2 U .1 4 3 .12 . 9 9 1 . 0 0 . 2 0
1 . 4 0Q15 . 0 9 4 . 1 1 . 1 1 .02
1 . 2 U .1 5 6 .12 1 . 0 7 1 . 0 . 2 0
1 . 4 »  '  •' . 0 1 3 . 0 9 4 . 1 0 0 0 . 1 .0 2
.5 5 U . 5 2 4 .5 8 1 . 1 4 1 . 0 1 . 0
2 . 0 5 .0 5 5 . 0 5 3 . 0 4 6 . 0 4 . 0 4
* a  i s  p h o t o e l e c t r o n  e f f i c i e n c y  f a c t o r .
ZaJtAaJtt
Gamma Ray E n e r g i e s  a n d  R e l a t i v e  I n t e n s i t i e s
O b t a i n e d  f r o m  P h o t o e l e c t r o n  S p e c t r u m  
S nsrgJ -E teY  R e l a t i v e  I n t e n s i t y
r l 0 . 5 5 0 ^ . 0 4 4 h
-1 . 0 0
r 2 0 . 6 4 6 ^ . 0 0 6 . 2 0
r 3 1 . 2 0 0 1 . 0 1 0 . 2 1
r 4 1 . 4 0 0 + . 0 1 5 . 0 2
r 5 2 . 0 5 0 + . 0 1 8 . 0 4
- 3 1 -
T h i s  s p e c t r o m e t e r  u s e s  a 6292 Dumont p h o t o m u l t i p l i e r  
t u b e  c o u p l e d  w i t h  a 2 ” x  2" N a l ( T l )  p h o s p h o r  o r  a 
5819 RCA p h o t o m u l t i p l i e r  t u b e  c o u p l e d  t o  a 1 “ x  1 M 
Nal(T /  ) p h o s p h o r .  S p e c i a l  e m p h a s i s  was  p l a c e d  on 
m e a s u re m e n t  o f  t h e  1 .7 -M e v  gamma r a y  o b s e r v e d  by 
B a i r  ( 9 ) ,  e t a l ,  u s i n g  s c i n t i l l a t i o n  m e a s u r e m e n t s .
F i g u r e  12 shows t h e  t o t a l  gayma s c i n t i l l a t i o n  s p e c t r u m  
on a s e m i - l o g  p l o t .  The 0 . 5 5 ,  1 . 2 0 ,  1.4-0 and  2 .0 5 -M ev  
gamma r a y s  w ere  o b s e r v e d .  I n  t h e  1 . 7  -  1 .8 -M e v  r e g i o n  
t h e  Compton d i s t r i b u t i o n  o r i g i n a t i n g  f ro m  t h e  2 . 1 8 - M e v  
gamma r a y  o f  p j?4seodymium-144  was co m p are d  t o  t h e  Comp­
t o n  d i s t r i b u t i o n  f r o m  t h e  2 . 05-Mev gamma r a y  i n  a r s e n i c  
and  f o u n d  t o  be v e r y  s i m i l a r .  A l s o ,  i n c l u d e d  i n  t h i s  
f i g u r e  i s  a d e c o m p o s i t i o n  o f  t h e  0 . 55-Mev and  0 .6 5 -M e v  
gamma r a y s ,  ( s e e  i n s e t ) .  From t h i s  s c i n t i l l a t i o n  
s p e c t r u m  an d  o t h e r s ,  t h e  r e l a t i v e  i n t e n s i t i e s  o f  t h e  
gamma r a y s  w ere  o b t a i n e d  u s i n g  a n  e x p e r i m e n t a l  p h o t o ­
e l e c t r o n  s c i n t i l l a t i o n  e f f i c i e n c y  c u r v e ,  a s  shown i n  
F i g u r e  1 3 .  T h i s  c u r v e  was o b t a i n e d  u s i n g  i s o t o p e s  
whose r e l a t i v e  gamma r a y  i n t e n s i t i e s  a r e  w e l l  known,  
i o d i n e - 1 3 1 ,  g a l l i u m - 7 2 ,  m e r c u r y - 2 0 3 ,  an d  c e* iu m -1 4 4 «
U s in g  t h e  known i n t e n s i t i e s  o f  t h e s e  gamma r a y s ,  t h e  
m e a s u r e d  a r e a s  w ere  a l l  n o r m a l i z e d  t o  u n i t  o f  i n t e n s i t y  
a t  0 .5 0 -M e v .  A l l  e x p e r i m e n t a l  c o n d i t i o n s  were k e p t  t h e  
same t h r o u g h o u t  e x c e p t  s am p le  s t r e n g t h ,  t h i s  was a d j u s t e d
0  5 5  7  r ay
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a s  n e a r  a s  p o s s i b l e .  The r e s u l t s  o f  t h e  s c i n t i l l a t i o n  
e x p e r i m e n t s  a r e  shown i n  T a b l e  V I I .
From T a b le  V I I  t h e  e n e r g y  v a l u e s  f o r  t h e  f i v e  gamma 
r a y s  a g r e e  w e l l *  a l t h o u g h  w i t h  l e s s  a c c u r a c y  t h a n  t h o s e  
f r o m  p h o t o e l e c t r o n  s p e c t r u m  m e a s u r e m e n t .  The i n t e n s i t i e s  
o f  t h e  f i r s t  t h r e e  gamma r a y s  a r e  i n  good a g r e e m e n t .  The 
f o u r t h  a n d  f i f t h  gamma r a y s  have  no i n t e n s i t i e s  l i s t e d  b e ­
c a u s e  o f  t h e  d i s a g r e e m e n t  w i t h  t h e  gamma r a y  i n t e n s i t i e s  
o b t a i n e d  i n  t h e  p h o t o e l e c t r o n  s p e c t r u m  m e a s u r e m e n t .  The 
r a t i o  o f  t h e  2 . 05-Mev gamma r a y  s c i n t i l l a t i o n  p h o t o e l e c t r o n  
a r e a  t o  t h a t  o f  t h e  1 .4 0 -M e v  gamma r a y  a s  o b t a i n e d  b y  t h i s
m ethod  was 2 . 5 / 1 . 0 .  S o u r c e s  o f  e r r o r  a r e  t h e  s m a l l  p h o t o ­
e l e c t r o n  a r e a s  o b t a i n e d  an d  t h e  p o o r  p h o t o e l e c t r o n  e f f i c i e n c y  
c a l i b r a t i o n  i n  F i g u r e  13 i n  t h e  e n e r g y  r e g i o n  ab o v e  1 . 2 0 -  
Mev. T h e r e  a r e  f ew  s u i t a b l e  s t a n d a r d s  t o  u s e  a b o v e  1 .0 2 -M e v
f o r  a s c i n t i l l a t i o n  e f f i c i e n c y  c u r v e .  No gamma r a y  o f
2 .6 -M e v  was o b s e r v e d .
C o i n c i d e n c e  E x p e r i m e n t s :
Beta-gamma c o i n c i d e n c e  w ere  c a r r i e d  o u t  u s i n g  a two 
c h a n n e l  c o i n c i d e n c e  s p e c t r o m e t e r  ( 2 4 ) w h ic h  had  b e e n  m o d i f i e d  
and  i m p r o v e d .  The b e t a  c o u n t i n g  c h a n n e l  u s e d  a s  a d e t e c t o r  a 
1" x  l n s t i l b e n e  c r y s t a l  c o u p l e d  t o  a 5819 p h o t o m u l t i p l i e r  
t u b e .  T h i s  a r r a n g e m e n t  g a v e  good  l i n e a r  p u l s e  h e i g h t  d i s t r i ­
b u t i o n  f o r  b e t a  r a y s  and  t h e  e n d - p o i n t  o b t a i n e d  i s  p r o p o r t i o n a l  
t o  t h e  e n - p o i n t  e n e r g y  o f  t h e  b e t a  c o m p o n e n t .  The o t h e r  
c h a n n e l  u s e d  a 1 - 1 / 2 "  x 1 - 1 / 2 »  NaI(TI ) c r y s t a l  a s  a gamma r a y
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d e t e c t o r  and  was c o u p l e d  t o  a 5819 p h o t o m u l t i p l i e r  
t u b e .  Beta-gamma c o i n c i d e n e e s v w e r e  r u n  u s i n g  t h e  a r r a n g e ­
ment  w i t h  e a c h  d e t e c t o r  a t  1 8 0 ° .  The b e t a  r a y  c h a n n e l  
was c a l i b r a t e d  w i t h  c e s i u m - 1 3 7 ,  p h o s p h o r u s - 3 2  a n d  
c o b a l t - 5 6 .  F o r  t h e  gamma r a y  c h a n n e l  m e r c u r y - 2 0 3 ,  
c e s i u m - 1 3 7  and  z i n c - 6 5  w ere  u s e d .  The a c t i v e  s a m p le  
was m o u n ted  on a z a p o n  f i l m  and  s u s p e n d e d  ftacrm an  
a lu m in u m  r i n g .  T h i s  was s e a l e d  i n  a c l o s e d  p i p e  f a c i n g  
t h e  b e t a  c r y s t a l .  The gamma r a y s  w ere  d e t e c t e d  t h r o u g h  
t h e  a lu m in u m  b a c k i n g .  F i g u r e  1 4  shows t h e  r e s u l t s  o f  
t h e  b e ta - g a m m a  c o i n c i d e n c e  m e a s u r e m e n t s .  U s in g  c h a n n e l  
I I  t h e  t o t a l  b e t a  s p e c t r u m  A was o b s e r v e d  and  an  e n d ­
p o i n t  e n e r g y  o f  2 . 9 7 - M e v  o b t a i n e d .  C h a n n e l  I  was s e t  
on p o i n t  B o f  t h e  gamma r a y  s c i n t i l l a t i o n  s p e c t r u m  a s  
shown i n  t h e  i n s e t  o f  F i g u r e  1 4  a n d  c u r v e  B was o b t a i n e d .  
The b e t a  s p e c t r u m  was s c a n n e d  w i t h  c h a n n e l  I I  and  
c h a n n e l  I  b e i n g  s e t  on t h e  0 , 55-Mev gamma r a y  p e a k .  The 
c h a n n e l s  w e re  o p e r a t i n g  i n  c o i n c i d e n c e .  The e n d - p o i n t  
o b t a i n e d  was 2 .4 1 - M e v .  R e p e a t i n g  t h e  above  m ethod  
w i t h  c h a n n e l  I  s e t  on t h e  1 .2 0 -M e v  gamma r a y  p e a k ,  
p o i n t  C i n  t h e  gamma r a y  s c i n t i l l a t i o n  s p e c t r u m ,  c u r v e  C 
was o b t a i n e d .  The e n d - p o i n t  o b t a i n e d  was 1 .7 6 - M e v .
T h e se  r e s u l t s  c l e a r l y  i n d i c a t e  t h e  0 . 55-Mev gamma r a y  
f o l l o w i n g  t h e  2 .4 1 -M e v  b e t a  c o m p o n e n t  an d  t h e  1 .2 0 -M e v  
gamma r a y  f o l l o w i n g  t h e  1 ,7 6 -M e v  b e t a  c o m p o n e n t .  No 
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F igure  1 4  Beta -  Gamma C o in c id en ce
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Gamma—gamma c o i n c i d e n c e  m e a s u r e m e n t s  w ere  o b s e r v e d  
u s i n g  t h e  same c o i n c i d e n c e  s p e c t r o m e t e r  (24-) a s  m e n t i o n e d  
f o r  t h e  b e ta -g am m a c o i n c i d e n c e  m e a s u r e m e n t s .  These  
m e a s u re m e n t s  w ere  made by M. S a k a i .  I n  b o t h  c h a n n e l s  
5319 p h o t o m u l t i p l i e r  t u b e s  w ere  u s e d  a n d  so d iu m  i o d i d e  
c r y s t a l s ,  t h a l l i u m  a c t i v a t e d ,  o f  1 ” x 1 - 1 / 2 "  and 1 - 1 / 2 "  x 
1 - 1 / 2 "  were  u s e d  a s  t h e  s c i n t i l l a t i o n  p h o s p h o r s .  From 
F i g u r e  15 i t  c a n  be s e e n  t h a t  t h e r e  a r e  s t r o n g  c o i n c i ­
d e n c e s  b e t w e e n  two gamma r a y s  b o t h  o f  w h ic h  o c c u r  i n  t h e  
0 . 5 5 - 0 . 5 4 - M e v  e n e r g y  r e g i o n .  T h e r e  was e v i d e n c e  a l s o  
o f  c o i n c i d e n c e s  b e t w e e n  t h e  0 . 5 5  and 2 . 05-Mev e n e r g j r  
r e g i o n  and  a s l i g h t  i n d i c a t i o n  o f  c o i n c i d e n c e s  b e t w e e n  
t h e  1 , 2  and 1 .4 -M ev  e n e r g y  r e g i o n .
The f i r s t  c o i n c i d e n c e  m e a s u re m e n t  m e n t i o n e d  a b o v e  
i s  t h e  m os t  v a l i d  m e a s u re m e n t  a n d  shows t h a t  t h e r e  a r e  
c o i n c i d n e c e s  b e t w e e n  t h e  0 .5 5 -^ t e v  gamma r a y  and  t h e  0 * 6 5 -  
Mev gamma r a y .  The 0 . 55-Mev gamma r a y  g o e s  t o  t h e  g ro u n d  
s t a t e  b e c a u s e  i t  i s  o f  t h e  h i g h e r  i n t e n s i t y  and  f e d  by 
s e v e r a l  l e v e l s .  The p o o r  e v i d e n c e  o f  c o i n c i d e n c e s  b e t w e e n  
t h e  1 . 2  t o  1 .4 -M e v  e n e r g y  r e g i o n  and 0 . 55-Mev r e g i o n  c o u l d  
mean one o f  f o u r  c o m b i n a t i o n s  o f  t h e  0 , 55-Mev,  0 .6 5 - M e v ,
1 .2 -M ev  and  1 .4 -M ev  gamma r a y s .  Some h av e  b e e n  e l i m i n a t e d  
i n  t h e  b e ta -g a m m a  c o i n c i d e n c e  m e a s u r e m e n t  an d  t h e  b e s t  f i t  i s  
a 1 .4 -M e v  t r a n s i t i o n  t o  t h e  1 .2 -M e v  e n e r g y  l e v e l ,  a s  s u p p o r t e d  
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e s t a b l i s h m e n t  o f  t h e  number  a n d  a r r a n g e m e n t  o f  e n e r g y  
l e v e l s .  T h r e e  gamma r a y  c a s c a d e s  e x p l a i n  t h e  d i s i n t e g r a ­
t i o n  scheme f u l l y :  0 .6 5 -M e v  gamma r a y  f o l l o w e d  by
0 . 55-Mev gamma r a y ,  1 .4 -M e v  gamma r a y  f o l l o w e d  by
1 .2 -M e v  gamma r a y  an d  2 . 05-Mev gamma r a y  f o l l o w e d  by  
0 . 55-Mev gamma r a y .
B e ta  Rav S p e c t r a :
M e a s u r e m e n t s  o f  t h e  b e t a  r a y  s p e c t r a  w ere  made 
on t h e  same t h i c k  l e n s  m a g n e t i c  s p e c t r o m e t e r  u s e d  f o r  
t h e  p h o t o e l e c t r o m  m e a s u r e m e n t s  ( 1 9 ) .  The s a m p l e s  o f  
a r s e n i c - 7 6  w ere  n o t  c a r r i e r  f r e e  due  t o  t h e  p r o d u c t i o n  
o f  t h e  i s o t o p e  by  a ( n ,  r) r e a c t i o n  b u t  t h e  s a m p l e s  
w ere  i n v i s i b l e  e x c e p t  f o r  s o l v e n t  m a r k s , i n  m o s t  s a m p l e s .  
Due t o  t h e  l a c k  o f  c a r r i e r  f r e e  m a t e r i a l  a n  e x p e r i m e n t  
was r u n  u s i n g  s o u r c e s  o f  v a r y i n g  s t r e n g t h  p r e p a r e d  f r o m  
t h e  same s o l u t i o n .  F o r  e x a m p l e ,  f o u r  d r o p s  o f  t h e  r a d i o ­
a c t i v e  s o l u t i o n  w ould  be  e v a p o r a t e d  on one s a m p le  an d  
t e n  d r o p s  on a n o t h e r .  K e e p in g  t h e  a r e a  o f  t h e  s a m p le  
a t  7 ram. t h e  t h i c k n e s s  o f  t h e  s a m p le  w o u ld  v a r y  w i t h  
t h e  s t r e n g t h  o f  t h e  s a m p l e ,  i f  a l l  a c t i v i t i e s  w e re  r e ­
moved f r o m  t h e  same s o l u t i o n .  F o r  t h e  f i r s t  r u n  tw o  
s a m p l e s  were  p r e p a r e d :
D i s t a n c e * S am ple  1 S am ple  2
10"  7 , 8 3 3  C/M 2 9 , 5 1 0  C/M
5" 2 6 , 5 6 3  “ 1 2 4 , 0 1 5  *
2 "  1 0 5 ,0 0 0  *
1" 2 0 2 , 4 1 1  "
* D i s t a n c e  f r o m  T r a c e r l a b  ( 1 . 8  mg/cm2 window) G.M.
T u b e .
F o r  t h e  s e c o n d  r u n  t h r e e  s a m p l e s  w e re  p r e p a r e d  i n  t h e  
f o l l o w i n g  s t r e n g t h s  :
D i s t a n c e  Sam ple  1 S am p le  2 Sam ple  3
2" 1 0 4 , 0 0 0  C/M 2 5 , 0 0 0  C/M 2 0 0 , 0 0 0  C/ M
T h e s e  s a m p l e s  w e re  m o un ted  on z a p o n  f i l m s  fo rm ed ; .o n  
w a t e r  a n d  d r i e d  on a lu m in u m  r i n g s .  The s a m p l e s  w e re  
r u n  u n d e r  c o n d i t i o n s  t h a t  gave  l i n e a r i t y  down t o  200  k e v  
i n  a F e r m i  p l o t  o f  p h o s p h o r u s - 3 2 .  H ow ever ,  due  t o  t h e  
gamma b a c k g r o u n d  a n d  c o m p le x  b e t a  s p e c t r a ,  s c a t t e r i n g  
w ou ld  b e  e x p e c t e d  a t  h i g h e r  e n e r g y  t h a n  2 0 0  k e v .  A l l  
e x p e r i m e n t a l  d a t a  w e r e  c o r r e c t e d  f o r  t h e  d e c a y  o f  t h e  
i s o t o p e  (27  h o u r  p e r i o d )  an d  n o r m a l i z e d  b y  d i v i d i n g  by  
9  i n  v o l t s  t o  y i e l d  t h e  same momentum v a l u e  f o r  d a t a .
Due t o  t h e  n o n - l i n e a r i t y  o f  t h e  f i r s t  F ^ r m i  p l o t ,  a 
f i r s t  f o r b i d d e n  c o r r e c t i o n  was m ade .  T h i s  c h a r a c t e r i s t i c  
had  b e e n  r e p o r t e d  b y  s e v e r a l  a u t h o r s  b o t h  f r o m  b e t a  r a y  
m e a s u r e m e n t s  (1 0 ,1 1 )  and  gamma-gamma a n g u l a r  c o r r e l a t i o n  
m e a s u r e m e n t s  ( 1 2 , 1 3 ) .  T h i s  f i r s t  f o r b i d d e n  c o r r e c t i o n
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i s  e m p i r i c a l  and  can  be  made by d i v i d i n g  t h e  F e r m i  p l o t  
d a t a  by a f a c t o r  a  e q u a l  t o :  
a  -  ( £ 2 - l )  + ( £ - £ 0 )2
£ 0 = e n d - p o i n t  o f  t o t a l  b e t a  s p e c t r u m  i n  u n i t s  
o f  M0C2 .
T h i s  o c o r r e c t i o n  i s  o n l y  u s e d  on t h e  f i r s t  F e r m i  p l o t  
o f  th e  t o t a l  s p e c t r u m  and  i s  m u l t i p l i e d  o u t  b e f o r e  t h e  
f i r s t  s u b t r a c t i o n ,  b e t w e e n  t h e  e x t r a p o l a t e d  f i r s t  com­
p o n e n t  and  t h e  F e r m i  c u r v e ,  i s  made.
F i g u r e s  1 6 ,  1$ an d  18 a r e  t h e  t o t a l  e x p e r i m e n t a l  
b e t a  s p e c t r u m ,  F e r m i  p l o t  and  s u b t r a c t i o n ,  a n d  b e t a  
co m p o n en ts  a s  r e c o n s t r u c t e d  f r o m  F e r m i  c u r v e  a n a l y s e s ,  
r e s p e c t i v e l y .  F o r  t h e s e  d a t a ,  s a m p le  2 o f  t h e  f i r s t  
r u n  was u s e d .  The s a m p l e s  p r e p a r e d  f o r  t h e  f i r s t  r u n  
w e re  t o o  t h i c k  t o  make a c o r r e c t  c o m p a r i s o n  b e t w e e n  
th em  as  t o  s c a t t e r i n g  e f f e c t s .  The r e s u l t s  o f  t h e s e  
d a t a  w i l l  b e  s t a t e d  w i t h  t h e  d a t a  o f  t h e  s e c o n d  r u n  f o r  
c o m p a r i s o n ,  l a t e r .
F i g u r e s  1 9 ,  20  and  21 a r e  t h e  r e s u l t s  o b t a i n e d  by  
o b s e r v i n g  t h r e e  s a m p l e s  o f  v a r y i n g  a m o u n t s  o f  a c t i v i t i e s  
an d  t h u s  v a r i e d  t h i c k n e s s  ( d i a m e t e r  b e i n g  t h e  s a m e ) .  
F i g u r e  19  shows t h a t  t h e  b e t a  s p e c t r a  a r e  d i f f e r e n t  
o n l y  i n  t h e  low e n e r g y  r e g i o n  f o r  t h e  t h r e e  s a m p l e s ,  
b e lo w  1 ,0 -M e v  e n e r g y .  U s in g  c u r v e  2 ,  o b t a i n e d  f r o m  
sam ple  2 ,  t h e  F e r m i  p l o t  was made i n  F i g u r e  20  a n d  t h e  
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Figure 16 Tota l  Beta Spectrum -  I (Sample -2 )
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Figure 1 9  Total Beta Spectrum -  2 (Samples 1 , 2 , 3 )
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Figure 2 1  Beta Components -  2 (Sample 2)
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o b t a i n e d .  No b e t a  c o m p o n e n t  i n  t h e  r e g i o n  0 .8 0 -M e v  
t o  1 .2 -M e v  i s  c o n s i d e r e d  r e l i a b l e  due  t o  t h e  v a r i a n c e  
o f  t h e  e n d - p o i n t  e n e r g y  and  o f  b r a n c h i n g  r a t i o  w i t h  
s o u r c e  t h i c k n e s s .  The v a r i a t i o n  o b t a i n e d  i n  t h i s  e n e r g y  
r e g i o n  i s  i n t e r p r e t e d  a s  a s c a t t e r i n g  e f f e c t .  F o r  t h i s  
r e a s o n  t h e  t h i r d  and  f o u r t h  b e t a  c o m p o n e n t s  w e r e  a d j u s t e d  
i n  i n t e n s i t y  t o  f i t  t h e  gamma r a y  i n t e n s i t i e s .  The 
f o u r t h  b e t a  co m p o n en t  was d e d u c e d  f r o m  t h e  gamma r a y  
e n e r g i e s  and was n o t  d e t e r m i n e d  by t h e  F e r m i  a n a l y s i s .
I t s  e n e r g y  and  b r a n c h i n g  r a t i o  was t a k e n  f ro m  t h e  gamma 
r a y  d a t a .  H ow ever ,  i t s  p o s s i b l e  a r e a  i s  shown i n  F i g u r e  
2 1 .
The r e s u l t s  o f  t h e  s e c o n d  r u n  i s  a r e  shown i n  
T a b l e  V I I I .  T a b l e  IX i s  t h e  f i n a l  a n a l y s i s  o f  b e t a  r a y  
r e s u l t s .
F i g u r e  22 shows a n  e n l a r g e m e n t  o f  t h d  f i r s t  F e r m i  
p l o t  o f  F i g u r e s  17 and  20 n e a r  t h e  e n d - p o i n t  e n e r g y  r e g i o n .  
B o th  t h e  e f f e c t  o f  t h e  f i r s t  f o r b i d d e n  c o r r e c t i o n  an d  
t h e  t o t a l  d i s i n t e g r a t i o n  e n e r g y  f r o m  g r o u n d  t o  g r o u n d  
s t a t e  i s  o b s e r v e d .  The f i n a l  v a l u e  o b t a i n e d  was 
2 , 9 6 5 l . 0 1 0 - H e v  f o r  t h e  t o t a l  d i s i n t e g r a t i o n  e n e r g y .
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3 .  C o n e l u g i o n s
The r e s u l t s  o f  t h i s  work c a n  be shown i n  a d i s ­
i n t e g r a t i o n  s ch em e ,  F i g u r e  2 3 .  The e n e r g y  v a l u e s ,  
r e l a t i v e  i n t e n s i t y  v a l u e s  and  l o c a t i o n  o f  t h e  l e v e l s  
a r e  f a i r l y  e v i d e n t .  As s t a t e d  b e f o r e ,  t h e  0 .6 5 -M e v  
l e v e l  m u s t  d e c a y  t o  t h e  0 . 55-Mev l e v e l  a s  m u s t  t h e  2 . 0 5 -  
Mev l e v e l .  The 1 .2 0 -M e v  i s  n o t  i n  c o i n c i d e n c e  w i t h  t h e
0 . 55-Mev and  t h u s  g o e s  d i r e c t l y  t o  t h e  g ro u n d  s t a t e  
o f  s e l e n i u m - 7 6 .  T h i s  l e a v e s  t h e  1 . 4 0 - M e v ,  i n  c a s c a d e  
w i t h  t h e  1 .2 0 -M e v  e n e r g y  l e v e l .
The p a r i t y  and  s p i n  a s s i g n m e n t  w e r e  made f r o m  t h e  
l o g  f t .  v a l u e s  an d  Nareheim (2 5 )  a r t i c l e  on b e t a  d e c a y .  
A c c o r d i n g  t o  t h e  s h e l l  m odel  a r s e n i c - 7 6  h a s  a f ^ / 2  -  g ^ / 2  
c o n f i g u r a t i o n  an d  i t s  s p i n  an d  p a r i t y  a r e  p r o b a b l y  2 - .  
T h i s  a g r e e s  w i t h  t h e  f i r s t  f o r b i d d e n  c h a r a c t e r  o f  t h e  
f i r s t  b e t a  c o m p o n e n t ,  w h i c h  f a l l s  t o  t h e  g r o u n d  s t a t e ,  
s e l e n i u m - 7 6 .  I t s  s p i n  a n d  p a r i t y  a r e  +0 .  The s p i n  and  
p a r i t y  o f  t h e  f i r s t  and  s e c o n d  e x c i t e d  s t a t e  h a v e  b e e n  
c a r e f u l l y  d e t e r m i n e d  by  a n g u l a r  c o r r e l a t i o n  m e a s u r e m e n t  
t o  be 2+ and  2 + ,  ( 1 2 , 1 3 ) ,  r e s p e c t i v e l y .  The t h i r d  e x ­
c i t e d  l e v e l  c a n n o t  be a s s i g n e d  +1 o r  +2 b e c a u s e  t h e  
2 .6 -M e v  gamma r a y  t o  t h e  g r o u n d  s t a t e  was  n o t  o b s e r v e d .  
The m o s t  p r o b a b l e  v a l u e  i s  +3 b u t  - 3  c a n n o t  be e x c l u d e d .
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Figure  23  D i s i n t e g r o t i o n  Scheme  of Arsenic  - 7 6
I I .  RADIATIVE ELECTRON CAPTURE IN GERMANIUM-71
1 .  I n t r o d u c t i o n
E l e c t r o n  c a p t u r e  o c c u r s  when a n u c l e a r  p r o t o n  
c h a n g e s  t o  a n e t i t r o n  w i t h  t h e  r e l e a s e  o f  e n e r g y .  I f  
t h e  e n e r g y  a v a i l a b l e  i n  t h i s  t r a n s i t i o n  i s  more t h a n
1 . 0 2 - M e v ,  p o s i t r o n  e m i s s i o n  c o m p e te s  w i t h  t h e  e l e c t r o n  
c a p t u r e  p r o c e s s .  H ow ever ,  when t h e  e n e r g y  a v a i l a b l e  
i s  l e s s  t h a n  1 .0 2 -M e v  t h e n  o n l y  t h e  e l e c t r o n  c a p t u r e  
p r o c e s s  i s  e n e r g e t i c a l l y  p o s s i b l e .  T h i s  phenomenon 
c a n  be w r i t t e n  a s  f o l l o w s j
Mg + e~  ------ K Z - 1  + V + ( X - r a y s )
w h ere  M r e p r e s e n t s  t h e  mass  o f  t h e  r a d i o a c t i v e  i s o t o p e ,
Z i s  t h e  n u c l e a r  c h a r g e  o f  t h e  i s o t o p e  and  V i s  t h e  
n e u t r i n o .  The e l e c t r o n ,  e ~ ,  i s  a b s o r b e d  b y  t h e  n u c l e u s  
an d  a n u c l e u s  o f  t h e  same m ass  b u t  c h a r g e  o f  one u n i t  
l e s s  r e s u l t s .  The e n e r g y  i s  c a r r i e d  o f f  by  t h e  n e u t r i n o  
and  t h e  x - r a y s  a r e  a n  a t o m i c  phenom enon  o c c u r r i n g  i n  
t h e  d a u g h t e r  n u c l e u s .  The d i r e c t  m e a s u re m e n t  o f  t h e  
e l e c t r o n  c a p t u r e  p r o c e s s  i s  n o t  p o s s i b l e .
The e n e r g y  o f  d i s i n t e g r a t i o n  o f  t h e  n u c l e u s  b y  
o r b i t a l  e l e c t r o n  c a p t u r e  i s  o b s e r v e d  by i n d i r e c t  m e t h o d s .  
The d i s i n t e g r a t i o n  e n e r g y  c a n  be o b t a i n e d  b y  m e a s u r e ­
m en t  o f  t h e  t h r e s h o l d  e n e r g y ,  f o r  t h e  r e v e r s e  n u c l e a r  
r e a c t i o n .  The d a u g h t e r  n u c l e u s ,  M g-i#  i s  u s e d  i n  a
( p , n )  n u c l e a r  r e a c t i o n .  The t h r e s h o l d  v o l t a g e  o f  t h i s
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( p , n )  i s  u s e d  t o  c a l c u l a t e  t h e  Q f o r  t h e  n u c l e a r  r e a c t i o n .  
From t h e  Q v a l u e  t h e  d i s i n t e g r a t i o n  e n e r g y  b e t w e e n  th e  
g r o u n d  l e v e l  o f  and t h e  g r o u n d  l e v e l  o f  M2 _^ c a n  b e  
o b t a i n e d .  F o r  e x a m p l e ,  i n  t h e  d e c a y ,  F e - 5 5  + e = Mn-55 + V, 
t h e  d i s i n t e g r a t i o n  e n e r g y  c a n  be  c a l c u l a t e d  f ro m  t h e  
n u c l e a r  r e a c t i o n ,  Mn-55 ( p , n )  F e - 5 5 .
A n o t h e r  i n d i r e c t  m ethod  i s  t h e  m e a s u re m e n t  o f  t h e  
r a d i a t i v e  e l e c t r o n  c a p t u r e  p r o c e s s  ( 2 7 ) .  T h e re  i s  
a s s o c i a t e d  w i t h  o r b i t a l  e l e c t r o n  c a p t u r e ,  e m i s s i o n  o f  
c o n t i n u o u s  e l e c t r o m a g n e t i c  r a d i a t i o n .  T h i s  e v e n t  o c c u r s  
one t i m e  f o r  e a c h  lO^—1C)5 e l e c t r o n  c a p t u r e .  T h i s  c a n  
be shown a s  f o l l o w s :
Mg + e ”  --------► ^ 2 - 1  + hv + V
Q u a l i t a t i v e l y  t h i s  r a d i a t i v e  c a p t u r e  p r o c e s s  c a n  be 
p i c t u r e d  a s  c o n s i s t i n g  o f  t h r e e  s t a t e s ;  t h e  i n i t i a l  
s t a t e ,  i n t e r m e d i a t e  s t a t e  and t h e  f i n a l  s t a t e .  The 
f i n a l  s t a t e  and t h e  i n i t i a l  s t a t e  c a n  be i d e n t i f i e d  b y :  
I n i t i a l  S t a t e  F i n a l  S t a t e
N u c l e u s  M2 N u c l e u s
e l e c t r o n  e ”  n e u t r i n o  V
p h o t o n  hv
H ow ever ,  t h e  i n t e r m e d i a t e  s t a t e  c a n  be p i c t u r e d  i n  
two w a y s :
I n t e r m e d i a t e  S t a t e
( a )  e l e c t r o n  e “  ( b )  e l e c t r o n  e “*
p o s i t r o n  p + n e u c l e u s  M2
n u c l e u s  ^ Z - l  p h o t o n  hv
n e u t r i n o  V
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U s in g  i n t e r m e d i a t e  s t a t e  ( a )  t h e  p r o c e s s  c a n  he e x p l a i n e d  
by  t h e  n u c l e u s  e m i t t i n g  a v i r t u a l  p o s i t r o n  a n d  a r e a l  
n e u t r i n o .  The p o s i t r o n  i s  a n n i h i l a t e d  by  t h e  a t o m i c  
e l e c t r o n .  Going  t h r o u g h  i n t e r m e d i a t e  s t a t e  ( b )  t h e  
a t o m i c  e l e c t r o n  i s  s c a t t e r e d  t o  an  i n t e r m e d i a t e  s t a t e  
w i t h  e m i s s i o n  o f  a p h o t o n  a n d  a b s o r b e d  by t h e  n u c l e u s  
w i t h  t h e  e m i s s i o n  o f  a n e u t r i n o .  T r a n s i t i o n s  t a k e  p l a c e  
w i t h  a c o n t i n u u m  r a n g e  o f  momentum a n d  t h e  d i s i n t e g r a ­
t i o n  e n e r g y  c a n  be o b t a i n e d  by  e v a l u a t i o n  o f  t h e  e n e r g y  
e n d - p o i n t  o f  t h e  s p e c t r u m .
T h i s  p r o c e s s  was f i r s t  p r e d i c t e d  t h e o r e t i c a l l y  by  
e x t e n s i o n  o f  b e t a  d e c a y  b r e h m s t r a h u n g  c a l c u l a t i o n s  t o  
t h e  e l e c t r o n  c a p t u r e  p r o c e s s  b y  M o r r i s o n  an d  S c h i f f  ( l ) .  
They  o b t a i n e d  a s  t h e i r  f i n a l  r e s u l t  a f o r m u l a  f o r  t h e  
r a t i o  o f  r a d i a t i v e  c a p t u r e  e v e n t s  t o  e l e c t r o n  c a p t u r e  
e v e n t s .
w h e re  E i s  t h e  gamma r a y  e n e r g y  and  E °  i s  t h e  t o t a l  
e n e r g y  d i f f e r e n c e  b e t w e e n  t h e  i n i t i a l  an d  f i n a l  s t a t e s ,  
a i s  t h e  f i n e  s t r u c t u r e  c o n s t a n t  and  and  Wc a r e  
t h e  p r o b a b i l i t i e s  f o r  r a d i a t i v e  e l e c t r o n  c a p t u r e  a n d  
e l e c t r o n  c a p t u r e ,  r e s p e c t i v e l y .  I n  t h i s  c a l c u l a t i o n  
t h e  f o l l o w i n g  a s s u m p t i o n s  w ere  made:  An a l l o w e d  t r a n s i ­
t i o n  w i t h  t h e  i n t e r m e d i a t e  s t a t e  h a v i n g  z e r o  a n g u l a r
2
(1 )
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momentum, t h e  b i n d i n g  e n e r g y  o f  t h e  c a p t u r e d  e l e c t r o n  i s  
n e g l i g i b l e ,  o n l y  K s h e l l  e l e c t r o n s  a r e  i n v o l v e d ,  an d  p l a n e  
wave f u n c t i o n s  a r e  v a l i d  f o r  t h e s e  c a l c u l a t i o n s .
J a u c h  (2 8 )  made f u r t h e r  p r o g r e s s  by d e v e l o p m e n t  o f  
a s i m p l e r  e q u a t i o n .  He a s su m ed  t h a t  i f  t h e  l i f e  o f  
t h e  p a r e n t  n u c l e u s  i s  s u f f i c i e n t l y  l o n g ,  Wc i s  a l m o s t  
c o n s t a n t ,  an d  E 0 i s  l a r g e r  t h a n  -toe K e l e c t r o n  b i n d i n g  
e n e r g y ,  e s p e c i a l l y  i n  t h e  u p p e r  p o r t i o n  o f  t h e  gamma 
s p e c t r u m ,  t h e n :
T a k in g  e q u a t i o n  ( 4.) a s  b e i n g  v a l i d ,  e s p e c i a l l y  a t  
t h e  u p p e r  l i m i t s  o f  t h e  c o n t i n u o u s  gamma s p e c t r u m ,  a
E Q w ould  be t h e  e n e r g y  a x i s  i n t e r c e p t .  From e q u a t i o n  ( l ) :
and f r o m  t h i s  e q u a t i o n  knowing  E 0 one c an  c a l c u l a t e  
t h e  r a t i o  o f  t h e  p r o b a b i l i t y  o f  Wr t o  Wc . F o r  a p u r e
on 1 .0 2 -M e v  a s  t h e  u p p e r  l i m i t  f o r  e l e c t r o n  c a p t u r e  
d i s i n t e g r a t i o n .
WR o e <1  *  ^ ) 2  E ( 2 )
o r ,
E ( 3 )
T h u s ,
U )
p l o t  o f  3-/2 v e r s u s  e  s h o u l d  y i e l d  a s t r a i g h t  l i n e .
( 5 )
e l e c t r o n  c a p t u r e  e m i t t e r  t h i s  would  be 8 x 1 0 “ ^  b a s e d
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R e f i n e m e n t s  o f  t h e s e  c a l c u l a t i o n s  h av e  b e e n  made 
by t a k i n g  i n t o  a c c o u n t  n u c l e a r  c h a r g e ,  f o r b i d d e n  t y p e  
d i s i n t e g r a t i o n ,  p e l e c t r o n s  a s  w e l l  a s  s e l e c t r o n s  an d  
u s i n g  C ou lom bic  wave f u n c t i o n s  i n s t e a d  o f  p l a n e  wave 
f u n c t i o n s .  Madansky and R a s e t t e  (29)  s u g g e s t e d  t h e s e  
r e f i n e m e n t s  w i t h  t h e  p u r p o s e  o f  g e t t i n g  b e t t e r  a g r e e m e n t  
b e t w e e n  e x p e r i m e n t a l  and  t h e o r e t i c a l  c u r v e s ,
G a l u b e r  and M a r t i n  (3 0 )  made c a l c u l a t i o n s  f o r  t h e  
t h e o r e t i c a l  r a d i a t i v e  e l e c t r o n  c a p t u r e ,  f o r  t h e  e n e r g y  
r e g i o n  l o w e r  t h a n  100 k e v .  They c a l c u l a t e d  t h e  a d d i t i o n a l  
c o n t r i b u t i o n  o f  t h e  p e l e c t r o n  t o  t h e  s e l e c t r o n  c a p t u r e  
and u s e d  C ou lom bic  wave f u n c t i o n s  i n s t e a d  o f  p l a n e  wave 
f u n c t i o n s .  O t h e r s  (31)  h a v e  made s i m i l a r  c a l c u l a t i o n s .
The t h e o r e t i c a l  r e s u l t s  o f  G l a u b e r  and  M a r t i n  (30)  showed 
t h a t  t h e  c o n t i n u o u s  s p e c t r u m  o f  gamma r a y s  f r o m  t h e  
e l e c t r o h  c a p t u r e  p r o c e s s  i s  p r e d o m i n a n t l y  m a g n e t i c  
d i p o l e  r a d i a t i o n  i n  t h e  u p p e r  e n e r g y  r e g i o n  o f  t h e  s p e c -
2t r u m .  The e q u a t i o n  i n  t h i s  r e g i o n  h a s  t h e  f o r m  N = x ( l - x )  
Where x  = E / E q .  The c a l c u l a t i o n  shows t h a t  p e l e c t r o n  
c a p t u r e  i s  p r e d o m i n a n t  i n  t h e  low e n e r g y  p a r t  o f  t h e  
s p e c t r u m .  The p e l e c t r o n  c a p t u r e  r e s u l t s  i n  e l e c t r i c  d i ­
p o l e  r a d i a t i o n .
L i n q u i s t  and  Wu ( 3 2 )  a p p l i e d  G l a u b e r  and  M a r t i n ’ s 
c a l c u l a t i o n s  t o  t h e  o r b i t a l  e l e c t r o n  c a p t u r e  p r o c e s s  
o f  a r g o n - 3 7  and i m p ro v e d  t h e  a g r e e m e n t  b e t w e e n
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t h e  e x p e r i m e n t a l  and  t h e o r e t i c a l  r e s u l t s  t o  w i t h i n  
1 0 - 2 0 $  i n  t h e  low e n e r g y  p o r t i o n  o f  t h e  s p e c t r u m .
2 .  S u r v e y  o f  P r e v i o u s  I n v e s t i g a t i o n s :
The r a d i a t i v e  c a p t u r e  phenomenon was f i r s t  ob ­
s e r v e d  e x p e r i m e n t a l l y  by B r a d t  (33)  and h i s  c o w o r k e r s .
They i n v e s t i g a t e d  t h e  i s o t o p e  i r o n - 5 5  and m e a s u re d  i t s  c o n ­
t i n u o u s  gamma s p e c t r u m  w i t h  a b s o r p t i o n  t e c h n i q u e s .  O t h e r  
i n v e s t i g a t o r s  ( 3 4 , 3 5 , 3 6 )  s t u d i e d  i r o n - 5 5  u s i n g  s c i n t i l l a ­
t i o n  m e th o d s  and r e a c h e d  good a g r e e m e n t  on t h e  e n d - p o i n t  
e n e r g y .  W h e e le r  and  W as ton  ( 3 7 )  were  t h e  f i r s t  t o  
i n v e s t i g a t e  a i j p n -3 7 .  S i n c e  t h e n  v a r i o u s  s t u d i e s  h a v e  
b e e n  made on i r o n - 5 5 ,  a r g o n - 3 7 ,  c e s i u m - 1 3 1  and  g e r m a n iu m -  
7 1 ,  ( 2 9 , 3 0 , 3 2 , 3 6 , 3 7 , 3 8 ) .  The r e s u l t s  h a v e  b r o u g h t  a b o u t  
good a g r e e m e n t  b e t w e e n  e x p e r i m e n t  and t h e o r y .  T h e re  
i s ,  h o w e v e r ,  some v a r i a t i o n  a t  low e n e r g i e s .  A good 
summary o f  t h e  e x p e r i m e n t a l  t e c h n i q u e  an d  c o r r e c t i o n s  
n e e d e d  w ere  g i v e n  by L i n q u i s t  and  Wu ( 3 2 ) .  They c o r ­
r e c t e d  t h e i r  e x p e r i m e n t a l  d a t a  f o r :  gamma c o u n t i n g
e f f i c i e n c y ,  p h o t o e l e c t r i c  c r o s s - s e c t i o n ,  Compton d i s ­
t r i b u t i o n ,  b a c k  s c a t t e r i n g  f r o m  t h e  s o u r c e ,  a b s o r p t i o n  
i n  c o v e r i n g  m a t e r i a l s ,  e s c a p e  x - r a y  p e a k s  and  r e s o l u t i o n  
e f f e c t s .  T h e i r  t h e o r e t i c a l  c u r v e s  were  n e a r l y  t h e  same 
a s  t h o s e  o b t a i n e d  by G l a u b e r  and M a r t i n  (3 0 )  and  w e re
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o b t a i n e d  by c o n s i d e r a t i o n  o f  I s ,  2 s ,  2p and  3 p  e l e c ­
t r o n s .  These  v a r i o u s  e x p e r i m e n t a l  c o r r e c t i o n s  and  
c h a n g e s  i n  t h e  t h e o r y  do n o t  c h an g e  t h e  v a l i d i t y  o f  
J a u c h ’ s p l o t  o f  e n e r g y  v e r s u s  t h e  s q u a r e  r o o t  o f  N/E 
a t  h i g h e r  e n e r g i e s .  Thus t h e  d i s i n t e g r a t i o n  e n e r g y  o f  
a p u r e  e l e c t r o n  c a p t u r e  s p e c i e s  c a n  b e  o b t a i n e d  by
l / 2m e a s u re m e n t  o f  t h e  gamma s p e c t r u m  and p l o t t i h g  (N /E)  
v e r s u s  E.
Germaniura-71 was f i r s t  r e p o r t e d  by  S e a b o r g ,
L i v i n g o o d  a n d  F r i e d l a n d e r  (3 9 )  a f t e r  d e u t e r o n  b o m b a rd ­
ment o f  g a l l i u m ,
S e r e n ,  F r i e d l a n d e r  and  T u r k e l  ( 4 0 ) r e p o r t e d  an  
11 d a y  h a l f ^ l i f e  f o r  g e r m a n iu m - 7 1  and  o n l y  K c a p t u r e  
a s  t h e  mode o f  d i s i n t e g r a t i o n .
McCown, Woodward and P o o l  (4 1 )  p r o d u c e d  g e r m a n iu m - 7 1  
by G a ( d , x n )  r e a c t i o n s  u s i n g  10-Mev d e u t e r o n s .  They 
f o u n d  a h a l f - l i f e  o f  1 1 . 4 1 0 . 1  d a y s  a n d  o n l y  t h e  c h a r a c ­
t e r i s t i c  x - r a y s  o f  g a l l i u m .
M a n d e v i l l e  a n d  c o w o r k e r s  ( 4 - 2 )  d e s c r i b e d  t h e  same 
c h a r a c t e r i s t i c s  f o r  g e rm a n iu m -7 1  a s  p r e v i o u s l y  n o t e d .
They were  t h e  f i r s t  ( 4 3 )  t o  m e a s u r e  t h e  r a d i a t i v e  
e l e c t r o n  c a p t u r e  e v e n t  iih g e r m a n i u m - 7 1 .  The g e rm a n iu m -7 1  
was p r o d u c e d  by a G e - 7 0 ( n , y )  G e-71  r e a c t i o n  a t  Oak R id g e  
N a t i o n a l  L a b o r a t o r y .  The e n d - p o i n t  e n e r g y  f o u n d  was 
225112 k e v .  T h e i r  d e c a y  s ch em e :
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71Ge
P 1 / 2
P 3 / 2
Ga
S a r a f  (4-4-) e x p e r i m e n t e d  f u r t h e r  w i t h  g e rm a n iu m -7 1  
and f o u n d  t h a t  ab o v e  100 kev t h e  e x p e r i m e n t a l  d a t a  a g r e e d  
w e l l  w i t h  t h e  e q u a t i o n ,  N = x ( l - x ) ^  o f  J a u c h  ( 2 8 ) .  I n  
t h e  low  e n e r g y  r e g i o n  he o b t a i n e d  d e v i a t i o n .
S t e l s o n  (45)  u s i n g  t h e  r e v e r s e  n u c l e a r  r e a c t i o n  
o b t a i n e d  a t h r e s h o l d  v a l u e  f o r  t h e  G a-7 1  ( p , n )  Ge-71 
r e a c t i o n .  T h i s  v a l u e  was 1040 k e v .  The e n e r g y  d i f f e r ­
e n c e  b e t w e e n  t h e  two n u c l e a r  l e v e l s  i s  t h e n  e q u a l  t o i
1 0 4 0  x  — -------  783 kev  -  KR -
70+1 B*E *
w h ere  783 kev  i s  t h e  E e n e r g y  d i f f e r e n c e  o f  t h e  p r o t o n
and n e u t r o n  and  t h e  Kg g , t h e  b i n d i n g  e n e r g y  o f  K e l e c t r o n  =
1 1 . 1  k e v .  T h i s  y i e l d s  231 k ev  a s  t h e  d i s i n t e g r a t i o n  e n e r g y *
3 .  D e t e r m i n a t i o n  o f  D i s i n t e g r a t i o n  E n e r g y  o f  G-e-71:
I n t r o d u c t i o n :
To o b t a i n  t h e  r a d i o i s o t o p e  g e rm a n iu m -7 1  a p p r o x i ­
m a t e l y  f i v e  g rams o f  ge rm an iu m  m e t a l  o f  h i g h  p u r i t y  was 
o b t a i n e d  f r o m  B a t t e l l e  M em o r ia l  I n s t i t u t e .  T h i s  m e t a l  was 
grown f ro m  l i q u i f i e d  ge rm an ium  m e t a l  a t  h i g h  t e m p e r a t u r e  
and t h e  p r o b a b l e  i m p u r i t i e s  w ere  s i l i c o n  and  b o r o n  
^ 0 . 1  ppm, a n t i m o n y  ^ 0 . 1  ppm and p o s s i b l y  c o p p e r  
« 0 . 1  ppm. S p e c t r o g r a p h i c  a n a l y s i s  i n  a 3 m e t e r  ARL
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g r a t i n g  s p e c t r o g r a p h  showed t h e  f o l l o w i n g  e l e m e n t s i  
g e rm a n iu m ,  s i l i c o n ,  and  v e r y  s l i g h t  i r o n  t r a c e s .  No 
t r a c e s  o f  b o r o n ,  c o p p e r  o r  a r s e n i c  c o u l d  be d i s t i n g u i s h e d .  
The m e t a l  was c l e a n e d  f o r  b o m b ard m e n t  i n  a s o l u t i o n  o f  5 
p a r t s  c o n c e n t r a t e d  HNO^, 3 p a r t s  g l a c i a l  a c e t i c  a c i d  a n d  
3 p a r t s  50# HF. The m e t a l  was a l l o w e d  t o  s i t  i n  t h i s  
s o l u t i o n  f o r  3 t o  5 m in .  F i f t e e n  s e c o n d s  a f t e r  t h e  
m e t a l l i c  s u r f a c e  showed b u b b l e  f o r m a t i o n  t h e  m e t a l  was 
r em o v ed  a n d  w ashed  w i t h  t r i p l e  d i s t i l l e d  w a t e r .  The 
m e t a l  was p l a c e d  i n  a 2 - 1 / 2 "  x  3 / 4 "  q u a r t z  c a p s u l e  and  
s h i p p e d  t o  Oak R i d g e  N a t i o n a l  L a b o r a t o r y  i n  a n  a lu m in u m  
b o m b a r d in g  c a p s u l e .  T h i s  s a m p le  was i r r a d i a t e d  w i t h  
t h e r m a l  n e u t r o n s  f o r  t h i r t y  d a y s .  The p r i n c i p l e  r e a c ­
t i o n s  c a n  be l i s t e d  a s  f o l l o w s :
G . 70  ( n , r )  Ge7 * *
0 . 7 6  ( a , r )  Ge7 7 * — » A s7 7 * _  S e 77
Ge7 *  U , * ' )  Ge7 5 * — ► As75
No r e a c t i o n s  o t h e r  t h a n  (n,Tf) r e a c t i o n  were  c o n s i d e r e d .
The r a d i o i s o t o p e  g e rm an iu m -7 5  i s  v e r y  s h o r t  l i v e d  
and  d o e s  n o t  n e e d  t o  be c o n s i d e r e d .  The m a in  i n t e r ­
f e r e n c e  comes f r o m  t h e  g e rm a n iu m -7 7  ( 1 0  h o u r )  and  
a r s e n i c - 7 7  (40 h o u r )  d e c a y  c h a i n .  The sam p le  was a g e d  
f o r  15 h a l f - l i v e s  o f  t h e  g e rm a n iu m -7 7  t o  l e t  t h e  
a r s e n i c - 7 7  grow i n  s o  i t  c o u l d  be s e p a r a t e d .  The
problemwfcs t h e n  t h e  s e p a r a t i o n  o f  g e rm a n iu m  an d  a r s e n i c .
B o ro n  and  s i l i c o n  a c t i v i t i e s  d i d  n o t  i n t e r f e r e  due  t o
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s h o r t  h a l f - l i f e .
C h e m ic a l  P r o c e d u r e :
S e v e r a l  c h e m i c a l  p r o c e d u r e s  c o u l d  be u s e d  b u t  
due t o  t h e  l a r g e  am ount  o f  ge rm an iu m  p r e s e n t ,  n e i t h e r  
o r g a n i c  p r e c i p i t a t i o n  m e th o d s  n o r  d i s t i l l a t i o n  m e th o d s  
w ere  u s e d .  T r e a d w e l l  an d  H a l l * s  t e x t b o o k  s u g g e s t s  a 
c l e a n  i n o r g a n i c  p r e c i p i t a t i o n  m ethod  b a s e d  on t h e  com- 
p l e x i n g  o f  t h e  g e rm an iu m  a s  t h e  GeF^ i o n  an d  p r e c i p i t a t i o n  
o f  t h e  a r s e n i c  a s  t h e  s u l f i d e .  M ost  h o l d - b a c k  c a r r i e r s  
o t h e r  t h a n  a r s e n i c  c a n  be p r e c i p i t a t e d  a s  t h e  s u l f i d e s  
i n  b a s i c  s o l u t i o n  w h e re  germ an ium  an d  a r s e n i c  fo rm  
s o l u b l e  c o m p le x e s  w i t h  s u l f i d e  i o n .  The o n l y  i n t e r f e r i n g  
f a c t o r  i s  t h e  i n t e r a c t i o n  o f  t h e  s u l f i d e  and  n i t r a t e  
i o n s  i n  a c i d  s o l u t i o n  t o  f o r m  f r e e  s u l f u r .
The ge rm anium  m e t a l  was d i s s o l v e d  i n  a one t o  one 
s o l u t i o n  o f  c o n c e n t r a t e d  n i t r i c  a c i d  an d  50$ h y d r o f l u o r i c  
a c i d .  S o l u t i o n  was c a r r i e d  o u t  i n  a p o l y e t h y l e n e  b e a k e r  
an d  t o o k  a b o u t  one h o u r .  The s o l u t i o n  f o r m e d  f l u o r i d e s  
o f  g e rm a n iu m ,  p r o b a b l y  w i t h  g e rm a n iu m  i n  t h e  +4 o x i d a ­
t i o n  s t a t e .  No h o l d - b a c k  c a r r i e r s  w e re  ad d e d  o t h e r  
t h a n  a r s e n i c .  The s o l u t i o n  was n e u t r a l i z e d  t o  a pH 
o f  a p p r o x i m a t e l y  4 w i t h  c o n c e n t r a t e d  ammonium h y d r o x i d e .  
A f t e r  a d d i n g  100 mgs. o f  a r s e n i c  t h e  s o l u t i o n  was s a t u r a t e d  
w i t h  ^ S .  The s u l f i d e s  o f  a r s e n i c  w ere  p r e c i p i t a t e d  a n d  
t h e  s o l u t i o n  d e c a n t e d .  The same p r o c e d u r e  was r e ­
p e a t e d  tw o  more t i m e s .  Some s u l f u r  was f o rm e d  b u t  was
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t a k e n  o f f  w i t h  t h e  s u l f i d e  p r e c i p i t a t e .  I t  i s  b e l i v e d  
t h a t  some g e rm an iu m  was p r e c i p i t a t e d  a s  t h e  h y d r a t e  o x ­
i d e ,  The ge rm an ium  was p r e c i p i t a t e d  a s  t h e  h y d r a t e d  
o x i d e  f r o m  b a s i c  s o l u t i o n .  The f i n a l  p r e c i p i t a t e  was
d i v i d e d  i n t o  two a p p r o x i m a t e l y  e q u a l  s a m p l e s  a n d  d r i e d  a t  
o1 0 0  C. i n  c o u n t i n g  d i s h e s .
M e a su re m e n t  o f  C o n t i n u o u s  E l e c t r o m a g n e t i c  R a d i a t i o n :
The m e a s u re m e n t  o f  t h e  c o n t i n u o u s  gamma s p e c t r u m  
was made on a s i n g l e  c h a n n e l  s c i n t i l l a t i o n  s p e c t r o ­
m e t e r  ( 2 3 ) .  The d e t e c t o r  was a 1 ” x  1 - 1 / 2 w N a l  (T| ) 
c r y s t a l j  c o u p l e d  t o  a 5$19 p h o t o m u l t i p l i e r  t u b e .  E a c h  
ge rm an ium  s a m p le  was m o u n ted  d i r e c t l y  o v e r  t h e  t u b e  
an d  t h e  s p e c t r u m  m e a s u r e d  t h r e e  s e p a r a t e  t i m e s .  The 
r e s u l t s  a r e  shown i n  F i g u r e s  2 4 - 2 8 .  F o r  e a c h  s e t  o f  
d a t a  t h e r e  i s  a t h r e s h o l d  v e r s u s  c o u n t i n g  r a t e  p l o t  a n d  
a J a u c h  p l o t .  The s t a n d a r d s  u s e d  f o r  c a l i b r a t i o n  w ere  
i r o n - 5 5  an d  m e r e u r y - 2 0 3 .  F o r  f o r m e r  s p e c i e s  h a s  a c o n ­
t i n u o u s  gamma e n d - p o i n t  e n e r g y  o f  2 2 0 * 1 0  kev  (2 9 )  w h i l e  
t h e  l a t t e r  s p e c i e  h a s  m o n o e n e r g e t i c  gamma r a y  p e a k s  a t  
72 k ev  an d  280 k e v .  The i r o n - 5 5  s a m p le  was u s e d  b o t h  
f o r  c o m p a r i s o n  o f  t h e  c o n t i n u o u s  s p e c t r u m  and  c a l i b r a ­
t i o n .
S e v e r a l  s a m p l e s  w e re  m e a s u r e d  on a s t a n d a r d  G.M, 
c o u n t e r  t o  c h e c k  t h e  c h e m i c a l  p r o c e d u r e .  T h e se  m e a s u r e ­
m e n ts  w e re  n o t  made t o  d e t e r m i n e  t h e  h a l f - l i f e  b u t  o n l y  
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c h e m i c a l  s e p a r a t i o n .
The r e s u l t s  o f  t h e  m e a s u r e m e n t s  o f  s e v e r a l  s a m p l e s
2
on a G.M. c o u n t e r  (window 1 . 8  mg/cm ) showed o n l y  tw o  
h a l f - l i f e  p e r i o d s .  The a r s e n i c  s u l f i d e  p r e c i p i t a t e  
f o l l o w e d  a h a l f - l i f e  o f  a p p r o x i m a t e l y  tw o  d a y s  w i t h  a 
s m a l l  am ount  o f  1 1 -1 2  d a y  p e r i o d  a s  an  i m p u r i t y .  The 
i m p u r i t y  c a u s i n g  t h e  two  d a y  p e r i o d  i s  a r s e n i c - 7 7  
w h ic h  h a d  grown i n  f r o m  t h e  g e r m a n i u m - 7 7 .  The 1 1 -1 2  
d a y  p e r i o d  i s  c a u s e d  b y  some o f  t h e  g e rm a n iu m -7 1  p r e ­
c i p i t a t i n g  w i t h  t h e  a r s e n i c  f r a c t i o n .  T h i s  shows t h a t  
some g e rm an ium  p r e c i p i t a t e d  w i t h  t h e  a r s e n i c  s u l f i d e .
A l l  o f  t h e  g e rm a n iu m  f r a c t i o n s  f o l l o w e d  h a l f - l i v e s  o f  
t h e  o r d e r  o f  1 0 - 1 3  d a y s  w h i c h  i s  i n  good a g r e e m e n t  
w i t h  t h e  h a l f - l i f e  o f  g e r m a n i u m - 7 1 .  The h a l f - l i f e  
f r o m  t h e  g e rm a n iu m -7 1  s a m p l e s  u s e d  i n  t h e  s c i n t i l l a t i o n  
m e a s u r e m e n t s  w e r e  1 1 . 4  and  1 ^ . 5  d a y s ,  s e e  F i g u r e  29*
F i g u r e s  2 4 - 2 8  show t h e  c o n t i n u o u s  e l e c t r o m a g n e t i c  
r a d i a t i o n  f r o m  r a d i a t i v e  e l e c t r o n  c a p t u r e  i n  i r o n - 5 5  
an d  g e r m a n iu m - 7 1 .  Only  t h e  d a t #  f o r  s a m p le  2 i s  shown 
i n  g r a p h i c  f o r m  f o r  g e r m a n i u m - 7 1 .  The r e s u l t s  o f  t h e  
J a u c h  p l o t  # n d - p o i n t s  a r e  shown i n  t h e  f o l l o w i n g  T a b l e  X 
f o r  b o t h  s a m p le s  1 an d  2 ,
C o r r e c t i o n  o f  t h e  r a w  d a t a  f o r  p h o t o e l e c t r i c  
e f f i c i e n c y  g av e  e n d - p o i n t s  o f  o n l y  one t o  two k e v  h i g h e r  
i n  v a l u e .
-72™
Star t ing time 9 30 A. M
10,000
Sample I
Peroid = 114 days
Starting time 2 :30 PM
IQOOi
Sample 2 
Peroid = 11.5 days
302422 1216 28 6 18
Time in Days
F i g u r e  2 9  Sc i n t i l l a t i o n  H a l f - l i f e  Ge -  71
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laM A-S
T a b u l a t i o n  o f  E n d - P o i n t  E n e r g y  o f  
G erm anium -71
C o n t i n u o u s  E l e c t r o m a g n e t i c  R a d i a t i o n  f r o m  R a d i a t i v e
E l e c t r o n  C a p t u r e
E (S am ple  l )  E (S am ple  2 )  D a te
0 k e v .  °  k e y .  _________
2 2 4  221  2 - 1 5 - 5 4
223 22S 2 - 1 6 - 5 4
217  222 3 - 5 - 5 4
A v e r a g e  V a lu e  2 2 3 l l 0  k e v .
C o n c l u s i o n s :
The t o t a l  d i s i n t e g r a t i o n  e n e r g y  b e t w e e n  g e rm a n iu m -7 1  
and  g a l l i u m - 7 1  i s  t h e  sum o f  t h e  e n d - p o i n t  e n e r g y  o f  t h e  
c o n t i n u o u s  e l e c t r o m a g n e t i c  r a d i a t i o n  a s s o c i a t e d  w i t h  t h e  
e l e c t r o n  c a p t u r e  p r o c e s s  and  t h e  K e l e c t r o n  b i n d i n g  
e n e r g y .  T h i s  v a l u e  i s  2 34*10  k e v .
I I I . .  STUDY OF ENERGY LEVELS OF TUNGSTEN-184 APPEARING 
IN RHENIUM-184 
1 ,  I n t r o d u c t i o n s
R h e n iu m -1 8 4  d i s i n t e g r a t e s  b y c e l e c t r o n  c a p t u r e  t o  
t u n g s t e n - 1 8 4  and  i s  p r o d u c e d  by  c h a r g e d  p a r t i c l e  bom­
b a r d m e n t s  o f  t u n g s t e n  o r  t a n t a l u m .  P r o d u c t i o n  b y  t h e s e  
m e th o d s  c a n  y i e l d  s e v e r a l  r a d i o a c t i v e  i s o t o p e s .  The 
c h e m i s t r y  i n v o l v e d  f o r  i s o l a t i o n  an d  p u r i f i c a t i o n  o f  
r h e n i u m  i s o t o p e s  i s  s i m p l e  i f  c a r r i e r  t e c h n i q u e s  a r e  
u s e d j  a c a r r i e r  f r e e  p r o c e d u r e  h a s  n o t  b e e n  d e v e l o p e d .
2 .  S u r v e y  o f  O t h e r  I n v e s t i g a t i o n s :
I n  1 9 4 0  F a j a n s  a n d  S u l l i v a n  (4 6 ) o b s e r v e d  an 
a c t i v i t y  w h i c h  c h e m i c a l l y  was i d e n t i f i e d  a s  r i ien ium.
I t  was p r o d u c e d  b y  f a s t  n e u t r o n  r e a c t i o n s  on r h e n i u m  
a n d  a l p h a  r e a c t i o n s  on t u n g s t e n .  They  d e s c r i b e d  t h i s  
a c t i v i t y  a s  a n e g a t r o n  e m i t t e r  an d  h a v i n g  a gamma r a y  
e n e r g y  o f  0.84lQ.3l*"Mev,
C r e u t z ,  B a r k a s  a n d  Furman ( 4 7 )  o b s e r v e d  a 5 4 t2  d a y  
a c t i v i t y  i d e n t i f i e d  c h e m i c a l l y  a s  r h e n i u m .  T h e y  b o m b a rd e d  
t u n g s t e n  w i t h  p r o t o n s .  They f o u n d  e l e c t r o n s  o f  0 * 1 ,
0 . 2 2  and  0 .8 5 - M e v ,  u s i n g  a b s o r p t i o n  t e c h n i q u e s  an d  a 
gamma r a y  o f  1 .0 - M e v .  I n  t h i s  same b o m b a rd m e n t  t h e y  
o b t a i n e d  t h r e e  o t h e r  s p e c i e s  w i t h  h a l f - l i v e s  o f  30 m i n u t e s ,  
90 h o u r s  a n d  a v e r y  l o n g  p e r i o d .
C o lem an ,  N u n d e n b e rg  and P o o l  ( 4 8 ) f o u n d  x - r a y s  an d
a 0 , 7 5 -Mev gamma r a y  i n  t h e  52 d a y  r h e n i u m  i s o t o p e .  
S u l l i v a n  (4 9 )  r e p o r t e d  f o r  t h i s  50 d a y  r h e n i u m  i s o t o p e  
e l e c t r o n s  o f  0 . 2 2  and  0 .2 6 -M ev  and  gamma r a y s  o f  0 . 1 7  
and  1 .0 7 - M e v .
W i l k i n s o n  and H i c k s  (50 )  i n v e s t i g a t e d  n e u t r o n  d e f i ­
c i e n t  i s o t o p e s  o f  r h e n i u m .  U s in g  e x i t  s t r i p  f r o m  t h e  
s i x t y  i n c h  c y c l o t r o n  a t  t h e  U n i v e r s i t y  o f  C a l i f o r n i a  
t h e y  a s s i g n e d  a f i f t y  d a y  p e r i o d  t o  r h e n i u m - 1 8 4 .  The 
d a t a  o b s e r v e d  w ere  s i m i l a r  t o  t h o s e  f o u n d  b y  C r e u t z ,  
B a r k a s  and Furman ( 4 7 ) .  W i l k i n s o n  and  H ic k s  u s e d  
W(d,  x n )  and  Ta ( a ,  x n )  r e a c t i o n s  i n  t h e  s i x t y  i n c h  
c y c l o t r o n  t o  p r o d u c e  t h e i r  a c t i v i t i e s .  I n  t h e  t a n t a l u m  
b o m b ard m e n ts  t h e y  u s e d  b o m b a r d in g  e n e r g i e s  o f  1 9 . 0 - M e v ,  
3 0 .0 -M e v  a n d  3 8 .0 -M e v  f o r  t h e  a l p h a  p a r t i c l e s .  T a b l e  XI 
shows t h e  r e s u l t s  o f  t h e  a l p h a  b o m b a rd m e n ts  on t a n t a l u m .
I n  t h e  t u n g s t e n  b o m b a rd m e n ts  a l l  o f  t h e  a b o v e  
s p e c i e s  w e re  p r o d u c e d  e x c e p t  t h e  2 . 2  d a y  a c t i v i t y  w h i c h  
had  b e e n  a s s i g n e d  t o  m ass  number  1 8 4 .  The a c t i v i t i e s  
o f  i n t e r e s t  t o  t h i s  s t u d y  a r e  t h o s e  p r o d u c e d  by t h e  
19-Mev a l p h a  p a r t i c l e s  on t a n t a l u m .  The p r e v i o u s  r e s u l t s  
o b t a i n e d  by  W i l k i n s o n  and  H i c k s  on t h e  r h e n i u m  i s o t o p e s  
o f  mass  num bers  183 a n d  184 a r e  shown i n  T a b l e  X I I*
T h e s e  r e s u l t s  w e r e  o b t a i n e d  b y  o b s e r v a t i o n  o f  t h e  
c o n v e r s i o n  e l e c t r o n  s p e c t r u m  u s i n g  m a g n e t i c  s p e c t r o ­
g r a p h s  an d  s p e c t r o m e t e r s .
D y b v ig  and  P o o l  ( 5 1 )  i n r e s t i g a t e d  r h e n i u m - 1 8 2  a n d
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T a b l e  XI
R e s u l t s  o f  T a ( a ,  x n )  Bombardment
E n e r g y  o f  a  p a r t i c l e s  
Mev
H a l f - l i f e
3 8 -  3 0 -  1 9 -  
R e l a t i v e  Y i e l d s  
o f  I s o t o p e s
P r o b a b l e
R e a c t i o n
Mass
Number
1 2 . 7  h o u r s 50 7 - ( a , 3*0 182
6 4 .O h o u r s 1 0 0 14 - ( a , 3 n ) 182
2 4 0  d a y s 2 7 0 . 7 ( a , 2 n ) 183
50  d a y s 1 1 IL ( a , n ) 1 8 4
2 . 2  d a y s m asked m asked 24 ( a , n ) 1 8 4
 X I I
. Gamma R ays  o f  R h e n iu m -1 6 3  an d  1 8 4
R e - 184 . Tl /2 ~ 2 »2 d a y s  R e - 1 8 4  T^/2**50 d a y s  R e - 1 8 3  T^/2”24-0 
   ^ .......         f lays
gamma r a y s j  
. 0 4 3 ,  .15 9 -M ev
gamma r a y s ;  gamma r a y y
. 0 4 3 ,  .2 0 5 -M e v  . 0 8 1 ,  . 2  52-Mev
. 2 8 5 ,  . 1 5 9 -M e v .
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r h e n i u m - 1 8 3 #  k  1 4  h o u r  a c t i v i t y  i n  r h e n i u m  t h a t  d e c a y e d  
by  K c a p t u r e  w i t h  a 0 .9 2 -M ev  gamma r a y  was a s s i g n e d  t o  
r h e n i u m - 1 8 2  and  a 2 . 8  d ay  a c t i v i t y  d e c a y i n g  l i k e w i s e  
by e l e c t r o n  c a p t u r e  w i t h  a 1 .7 4 -M e v  gamma r a y  was a s ­
s i g n e d  t o  r h e n i u m - 1 8 3 .  They  u s e d  d e u t e r o n  b o m b a rd m e n ts  
on e n r i c h e d  t u n g s t e n  i s o t o p e s  f r o m  Oak R id g e  N a t i o n a l  
L a b o r a t o r y .
T u r n e r  an d  Morgan (52 )  w o rk e d  on e x i t  s t r i p s  f ro m  
t h e  g r l x t y - i n c h  c y c l o t r o n  a t  t h e  U n i v e r s i t y  o f  C a l i f o r n i a .  
T h e se  s t r i p s  were  m a i n l y  t u n g s t e n  a n d  h ad  b e e n  e x p o s e d  
t o  4 4 .0 - M e v  a l p h a  p a r t i c l e s  an d  2 2 .0 - M e v  a e u t e l u n s ^ e a f a n t a l y m  
r h e n i u m  an d  osmium f r a c t i o n s  w ere  s e p a r a t e d  f ro m  t h e  
t u n g s t e n  t a r g e t *  The l o n g  l i f e  r h e n i u m  i s o t o p e s  w e r e  
i n v e s t i g a t e d .  Two c o m p o n e n t s  w e re  o b s e r v e d  w i t h  p e r i o d s  
o f  50^3  d a y s  and  1 5 5 * 5  d a y s .  The f i n a l  d a t a  o f  t h i s  
i n v e s t i g a t i o n  a r e  shown i n  T a b l e  X I I I .
W i l k i n s o n  (5 3 )  f o u n d  f o r  t h e  50 d a y  a c t i v i t y  o f  
r h e n i u m - 1 8 4  gamma r a y s  o f  0 . 159 -M ev ,  0 .2 0 6 -M e v ,
0 , 2 4 4 - M e v ,  0 .7 8 4 -M e v  a n d  0 .8 9 - M e v .  T h e s e  were o b t a i n e d  
by m e a s u r e m e n t  o f  t h e  c o n v e r s i o n  e l e c t r o n  s p e c t r u m .
C l a r k e  (5 4 )  o b s e r v e d  gamma r a y s  o f  t h e  f o l l o w i n g  
e n e r g i e s ;  *055-Mev,  0 .1 1 0 -M e v ,  0 . 1 6 2 - M e v ,  0 .2 1 0 - M e v ,  
0 .2 4 5 - M e v ,  0 . 3 0 5 - M e v ,  0 , 5 4 0 - M e v ,  0 .8 0 0 -M e v  an d  0 .8 6 5 - M e v ,
The 0 .1 1 0 -M e v  gamma r a y  was d e f i n i t e l y  f o u n d  a s  a new 
gamma r a y .  T h e se  r e s u l t s  w e r e  o b t a i n e d  u s i n g  a s i n g l e  
c h a n n e l  s c i n t i l l a t i o n  s p e c t r o m e t e r  ( 1 1 ) •
- 7 8 -  
T a b l e  X I I I  
R e - 1 8 4  and  R e - 1 8 3  
D a ta  o f  T u r n e r  a n d  Morgan (9 )*  
gamma r a y s  f l / 2 R e a c t i o n
R e - 1 8 3  ( . 0 7 4  o r  . 1 3 3 ) ,  1 . 0 7  1 5 5 ^ 5  d a y s  W ( d ,p )  o r
R e - 1 8 4  1 . 0 0  5 0 l 3  d a y s  ( d , a )
- 7 9 -
3» C h e m i s t r y  o f  R h e n iu m :
I n  t h e  p r e s e n t  s t u d y  r a d i o a c t i v e  r h e n i u m  was p r o d u c e d  
by bom bardm en t  o f  t a n t a l u m  w i t h  a l p h a  p a r t i c l e s  o f  1 9 - 2 0 -  
Mev, a t  t h e  U n i v e r s i t y  o f  C a l i f o r n i a  s i x t y - i n c j a  c y c l o t r o n .
The c h e m i c a l  p r o b le m  i n v o l v e d  i n  p r e p a r i n g  a s a m p le  o f  
r h e n i u m  f o r  a d e t e r m i n a t i o n  o f  i t s  gamma s p e c t r u m  c o n s i s t s  
o f  s e p a r a t i n g  r h e n i u m  i n  m i l l i g r a m  o r  s m a l l e r  q u a n t i t i e s  
f ro m  t a n t a l u m  s a m p l e s  o f  0 . 1  t o  0 . 5  g r a m s .
S e v e r a l  p r e v i o u s l y  r e p o r t e d  p r o c e d u r e s  ( 5 0 , 5 2 , 5 5 ,
5 6 , 5 7 )  f o r  p u r i f i c a t i o n  o f  r h e n i u m  w ere  i n v e s t i g a t e d  
u s i n g  r h e n i u m - 1 8 6  a s  a t r a c e r .  T h i s  r a d i o a c t i v e  i s o t o p e  
o f  r h e n i u m  i s  p r o d u c e d  by n e u t r o n  a c t i v a t i o n  o f  r h e n i u m  
a s  a m e t a l l i c  p o w d e r .  Only  t h e  s e p a r a t i o n  p r o c e d u r e s  
p e r t a i n i n g  t o  t h e  c h e m i c a l  m ethod  u s e d  f o r  t h e  p u r i f i c a ­
t i o n  o f  r h e n i u m  w i l l  be p r e s e n t e d .
The p r o c e d u r e  f o r  d i s s o l v i n g  r h e n i u m  w i t h  a m i x t u r e  
o f  c o n c e n t r a t e d  h y d r o f l u o r i c  a c i d  and  c o n c e n t r a t e d  n i t r i c  
a c i d  and w h ic h  r e q u i r e d  b o i l i n g  o r  e v a p o r a t i o n  o f  t h e  a c i d  
s o l u t i o n  were  f o u n d  t o  r e s u l t  i n  l o s s  o f  r h e n i u m  ( 5 0 ) ,  t h r o u g h  
d i s t r i b u t i o n  o f  t h e  r h e n i u m  ( i n  t h e  a p p r o x i m a t e  r a t i o  o f  
5 : 4 *2 ) b e t w e e n  t h e  d i s t i l l a t i o n  f l a s k ,  t h e  f i r s t  t r a p  
c o n t a i n i n g  30/6 h y d r o g e n  p e r o x i d e  and  t h e  s e c o n d  t r a p  c o n ­
t a i n i n g  6 -N ammonium h y d r o x i d e .  T h i s  d i s t r i b u t i o n  was 
o b s e r v e d  by u s i n g  10  mg. o f  r h e n i u m  m e t a l  w i t h  r h e n i u m - 1 8 6  
a s  t h e  t r a c e r ,  d i s s o l v i n g  t h e  m e t a l  and c a r r y i n g  o u t  a d i s ­
t i l l a t i o n .
- 8 0 -
The p r o c e s s  o f  b o i l i n g  t h e  r h e n i u m  s o l u t i o n  t o  remove 
t h e  e x c e s s  n i t r i c  a c i d  r e s u l t e d  i n  9 0 $ l o s s  o f  t h e  
r h e n i u m - 1 8 6  a c t i v i t y .
R h en iu m -1 8 6  was a d d e d  a s  t r a c e r  t o  a s o l u t i o n  o f  
s t a b l e  t a n t a l u m  h e p t a  f l u o r i d e  i n  h y d r o f l u o r i c  a c i d  
s o l u t i o n .  Ammonium h y d r o x i d e  was a d d e d  t i l l  t h e  s o l u ­
t i o n  was w e a k ly  a c i d i c ,  pH = 4 . 0 .  When h a l f  o f  t h e  
volume o f  t h i s  t a n t a l u m - r h e n i u m  s o l u t i o n  had b e e n  d i s ­
t i l l e d ,  o n e - t h i r d  o f  t h e  r h e n i u m  was i n  t h e  d i s t i l l a t e  
and  t w o - t h i r d s  i n  t h e  d i s t i l l i n g  f l a s k .  The d i s t i l l a t e  
was c a u g h t  i n  a t r a p  o f  two m i s .  o f  4 -N ammonium h y d r o x ­
i d e  and e v a p o r a t e d  t o  d r y n e s s .  A p p r o x i m a t e l y  50 mgs. 
o f  n o n v o l a t i l e  s o l i d  r e s i d u e  was o b t a i n e d  an d  t h i s  
am ount  o f  r e s i d u e  was u n d e s i r a b l e .
A t r a c e r  s o l u t i o n  o f  r h e n i u m - 1 8 6  was a d d e d  t o  a 
s o l u t i o n  o f  t a n t a l u m .  A p p r o x i m a t e l y  100 mgs. o f  t a n t a ­
lum  was u s e d .  A d j u s t m e n t  o f  t h e  a c i d i t y  t o  p r e c i p i t a t e  
t h e  t a n t a l i c  a c i d  r e s u l t e d  i n  a b s o r p t i o n  o f  g r e a t e r  t h a n  
8 0 $ o f  t h e  r h e n i u m  a c t i v i t y  on t h e  t a n t a l i c  a c i d  ( 5 5 ) .
The p r e c i p i t a t i o n  o f  r h e n i u m - 1 8 6  t r a c e r  a s  t h e  
s u l f i d e  f r o m  t a n t a l u m  worked  v e r y  w e l l .  W i th  c o n c e n t r a ­
t i o n  o f  r h e n i u m  a s  low  a s  . 0 5  mgs.  t h e  r h e n i u m  s u l f i d e  
s t i l l  s e p a r a t e d  v e r y  s a t i s f a c t o r i l y  f ro m  t h e  t a n t a l u m  
s o l u t i o n .  The p r o c e d u r e  o f  W i l k i n s o n  a n d  H ic k s  ( 5 0 )  was 
c h o s e n  an d  u s e d  w i t h  some m o d i f i c a t i o n s .
The r h e n i u m - 1 8 4  was p r o d u c e d  a t  t h e  U n i v e r s i t y  o f
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C a l i f o r n i a  i n  t h e i r  6 0 - i n c h  c y c l o t r o n .  The t a r g e t  was 
t a n t a l u m  f o i l  o f  a p p r o x i m a t e l y  5 -6  m i l*  t h i c k n e s s .  The 
t a r g e t  was bom barded  f o r  3*5 h o u r s  a t  6 3 . 1  m i c r o a m p e r e s -  
h o u r s .  The beam was d e g r a d e d  w i t h  c o p p e r  a b s o r b e r s  
t o  a n  e n e r g y  o f  19-Mev f o r  t h e  a l p h a  p a r t i c l e s .  A t  t h i s  
e n e r g y  t h e  y i e l d  f o r  t h e  ( a , n )  r e a c t i o n  i s  good  b u t  
t h e  ( a , 2 n )  r e a c t i o n  s h o u l d  be i n  low  a b u n d a n c e .  The 
s e c o n d  bom bardm en t  was made a t  7 1 , 0  m i c r o a m p e r e s - h o u r s  
f o r  3 . 7  h o u r s  a t  a n  a l p h a  p a r t i c l e  e n e r g y  o f  2Q«0-Mev.
The s e c o n d  bom b ard m e n t  y i e l d  was c o n s i d e r a b l y  h i g h e r  
t h a n  t h e  f i r s t  b o m b a rd m e n t  b e c a u s e  o f  t h e  l a r g e  a m o u n t  
o f  t a r g e t  m a t e r i a l  an d  s l i g h t l y  h i g h e r  b o m b a r d in g  e n e r g y .
The t a n t a l u m  t a r g e t  was d i s s o l v e d  i n  t h r e e  ml;0£  c f  
c o n c e n t r a t e d  h y d r o f l u o r i c  a c i d  a n d  one d r o p  o f  c o n c e n ­
t r a t e d  n i t r i c  a c i d  a t  room  t e m p e r a t u r e  a n d  a l l o w e d  t o  
s t a n d  f o r  a p p r o x i m a t e l y  one h o u r .  I n  t h i s  t i m e  t h e  
e n t i r e  t a r g e t  was d i s s o l v e d .  S o l u t i o n  was c a r r i e d  o u t  
i n  a p l a t i n u m  c r u c i b l e .  Rhen ium  c a r r i e r  was a d d e d  t o  
t h e  am oun t  o f  . 0 5  mgs. t o  t h i s  s o l u t i o n .  The s o l u t i o n  
was h e a t e d  s l o w l y  u n d e r  a h e a t  lamp a n d  c a r e  was  t a k e n  
t o  k e e p  t h e  t e m p e r a t u r e  b e l o w  6 0 - 7 0 ° C .  H y d ro g e n  s u l ­
f i d e  wqs a d d e d  i n  s m a l l  a m o u n ts  d u r i n g  t h e  e v a p o r a t i o n  
t o  t e s t  f o r  t h e  f o r m a t i o n  o f  f r e e  s u l f u r .  When t h e  
n i t r a t e  i o n  had  b e e n  rem oved  as  shown by  t h e  a b s e n c e  
o f  f r e e  s u l f u r ,  h y d r o g e n  s u l f i d e  was b u b b l e d  t h r o u g h  
t h e  s o l u t i o n  f o r  t w e n t y  m i n u t e s .  The s o l u t i o n  was
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c e n t r i f u g e d ,  s a i a x i d d t h ® a  j > r d c i p f t a t e l a r d s h d d h i r i  t  h
d i s t i l l e d  w a t e r .  The r h e n i u m  s u l f i d e  was d i s s o l v e d  i n  
a few  d r o p s  o f  one m o l a r  s o d iu m  h y d r o x i d e  and tw o  d r o p s  
30$ h y d r o g e n  p e r o x i d e .  T h i s  s o l u t i o n  was e v a p o r a t e d  
s l o w l y  a t  t e m p e r a t u r e s  n o t  e x c e e d i n g  6 0 - 7 0 ° C ,  on z a p o n  
s a m p le  m o u n t s .  The i m p o r t a n t  f e a t u r e s  o f  t h i s  r h e n i u m  
s e p a r a t i o n  are t h e  u s e  o f  a minimum amount  o f  r h e n i u m  
c a r r i e r  a n d  t h e  a v o i d i n g  o f  e x c e s s i v e  h e a t i n g  t h r o u g h o u t  
t h e  p r o c e d u r e .  The p r o c e d u r e  can  be o u t l i n e d  a s  f o l l o w s ;
-Tfi iReJL
3 m i s .  o f  c o n c .  H ,F ,  
one d r o p  c o n c .  HNO3 
. 0 5  m gs .  r h e n i u m  c a r r i e r
S o l u t i o n  -  add  HgS f o r  20 min,
r h e n i u m  s u l f i d e T a ,  s o l u t i o n
I K -  WaOB 
2 d r o p s  30# H2 ® 2
S a m p le ,  ReQ*
T h i s  p r o c e d u r e  y i e l d s  a n e g l i g i b l e  l o s s  o f  a c t i v i t y  
d u r i n g  t h e  s e p a r a t i o n .  S c i n t i l l a t i o n  m e a s u r e m e n t s  on 
t h e  t a n t a l u m  t a r g e t  b e f o r e  e h e m i c a l  p u r i f i c a t i o n  a n d  
a f t e r  s e p a r a t i o n  o f  t h e  r h e n i u m  i s o t o p e s  p r o v e d  t h e  
m a in  i m p u r i t y  t o  b e  t a n t a l u m - 1 8 2 .  T h i s  i s  shown i n  
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p e a k  ( p e a k  A) o f  t a n t a l u m - 1 8 2  i s  e v i d e n t  b o t h  i n  t h e  
t a r g e t  m a t e r i a l  and  t h e  c h e m i c a l  r e s i d u e  a f t e r  s e p a r a ­
t i o n .  T h i s  v e r y  i n t e n s e  gamma r a y  d i d  n o t  a p p e a r  i n  
t h e  s c i n t i l l a t i o n  m e a s u r e m e n t s  o f  t h e  p u r i f i e d  r h e n i u m  
f r a c t i o n s .  (See  F i g u r e  3 1 ) .
4« E x p e r i m e n t a l  M e a su re m e n ts  :
M e a su re m e n t s  w ere  made t o  d e t e r m i n e  t h e  e n e r g y  o f  
t h e  gamma r a y s  o f  r h e n i u m - 1 8 4 , t h e i r  r e l a t i v e  i n t e n s i t i e s  
and  t h e i r  p e r i o d .  S c i n t i l l a t i o n  s p e c t r o m e t e r s ,  b u i l t  
by  D i e b e l  (5S)> an d  S i n g e r  ( 2 3 )  w e re  u s e d  f o r  a l l  
m e a s u r e m e n t s .  M e a su re m e n t s  w e re  made i n  b o t h  t h e s e  
i n s t r u m e n t s  u s i n g  t h e  same p h o t o m u l t i p l i e r  t u b e  a n d  
s c i n t i l l a t i o n  c r y s t a l .  The p h o t o m u l t i p l i e r  t u b e  u s e d  
was a Bumont 6 2 9 2 .  The s c i n t i l l a t i o n  c r y s t a l  was a 
2" x  2 M N a l ( T I ) c r y s t a l .  The c r y s t a l  was c o v e r e d  by a
0 . 2 4 ” MgO r e f l e c t o r  and  a 0 , 0 3 “ a lu m in u m  c a p .  The s a m p l e s  
u s e d  w e re  e x t r e m e l y  weak and  t h e y  w e re  m oun ted  n e x t  t o  
t h e  a lu m in u m  c a p .
M t e j r m l n a t i o n  o f  Gamma.Ray E n e r g i e s ;
The e n e r g i e s  o f  t h e  gamma r a y s  w e re  d e t e r m i n e d  by 
o b s e r v i n g  t h e  gamma s c i n t i l l a t i o n  s p e c t r u m  i n  one o f  
t h e  s p e c t r o m e t e r s  awM c a l i b r a t e d  w i t h  m o n o e n e r g e t i c  
gamma e m i t t e r s .  M e r c u r y - 2 0 3 ,  b e r y l l i u m - 7 ,  c e s i u m - 1 3 7 , 
z i n c - 6 5 ,  i o d i n e - 1 3 1 ,  an d  c e r i u m - 1 4 4  w ere  u s e d  f o r  
c a l i b r a t i o n .  Gamma r a y  e n e r g i e s  f o u n d  t o  be  p r e s e n t  














Gain 3 2G ain 6 4 Gain 6 4
5 0 0 100-
4 0 0 200 -8 0
6 03 0 0
100200 4 0
100
8 0 0 9 0 06 0 0 7 0 05 0 0200 3 0 0 4 0 0
T h r e s h o l d  V o l t a g e
100
Fig  31 Ga mma S c i n t i l l a t i o n  S p e c t r u m  R e - l 8 4 ( ^ G a i n  6 4  and 3 2 )
- 8 6 -
Table^XH  
Gamma Ray E n e r g i e s  o f  R e - 1 8 4
1 .  60+5 k e v
2 .  110+10 k e v
3 .  160±10 k e v
4 .  240±15 k e v
5 .  320±15 k e v
6 .  7 80*30  k e v
7 .  840*30  k e v
F i g u r e  31 shows t h e  t o t a l  gamma r a y  s c i n t i l l a t i o n  
s p e c t r u m  o f  r h e n iu m -1 8 4 - .  The e n e r g y  v a l u e s  o f  t h e  
gamma r a y s  i n  F i g u r e  2 r e a d  f r o m  lo w  e n e r g y  t o  h i g h  
e n e r g y  i n  t h e  same o r d e r  a s  i n  T a b l e  XIV. T h e re  w ere  
i n d i c a t i o n s  o f  gamma p e a k s  i n  t h e  5 0 0 - 6 0 0  k e v  e n e r g y  
r e g i o n  b u t  t h i s  c a n  be  c o n s i d e r e d  a s  Compton s c a t t e r i n g  
o f  t h e  780 kev  and 840 kev  gamma r a y s .
I n v e s t i g a t i o n  o f  t h e  r h e n i u m - 1 8 4  s a m p le  u s e d  by  
C la h k e  (5 4 )  showed t h e  p r e s e n c e  o f  a gamma r a y  a t  1 .1 -M e v  
and  h i g h e r  e n e r g i e s .  T h e se  gamma p e a k s  w ere  r e m o v e d  
i n  t h e  p u r i f i c a t i o n  p e r f o r m e d  on t h e  r h e n i u m .  The 
1 .1 -M e v  gamma p e a k  i s  e a s i l y  i d e n t i f i e d  a s  a gamma r a y  
o f  t a n t a l u m - 1 8 2 .  T a n ta lu m - 1 8 2  h a s  s e v e r a l  h i g h  e n e r g y  
gamma r a y s  o f  v e r y  h i g h  r e l a t i v e  i n t e n s i t y .  T h i s  
i s o t o p e  was p r o b a b l y  p r o d u c e d  by a n  ( n , V * ) r e a c t i o n  on 
t a n t a l u m - 1 8 1 ,  s i n c e  n e u t r o n  f l u x  i s  a l w a y s  p r e s e n t  a t  
t h e  c y c l o t r o n  a r e a .
The r e s u l t s  o f  t h e  gamma r a y  e n e r g y  m e a s u r e m e n t s  
do n o t  a g r e e  w i t h  p r e v i o u s  i n v e s t i g a t i o n s .  One d i s ­
a g r e e m e n t  i s  t h e  43 k e v  t r a n s i t i o n  m e n t i o n e d  by  W i l k i n ­
so n  and  H i c k s .  I n  t h e  p r e s e n t  w o rk  t h e  43 k e v  gamma 
r a y  was n o t  o b s e r v e d .  The o n l y  gamma r a y  p e a k s  i n  t h i s  
e n e r g y  r e g i o n  a r e  t h e  i o d i n e  e s c a p e  p e a k  and  t h e  60 kev  
gamma p e a k  o f  r h e n i u m .  T h e re  i s  d e f i n i t e l y  a 1 1 0 * 1 0  kev  
gamma t r a n s i t i o n .  T h i s  v a l u e  h ad  n o t  b e e n  p i - e v i o u s l y  
r e p o r t e d .  The 240  k e v  and 320 k e v  gamma r a y s  were
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o b s e r v e d  b u t  no 210  kev  gamma r a y  c o u l d  b e  f o u n d .  No d e ­
f i n i t e  e n e r g y  o f  gamma r a y  c o u l d  b e  i d e n t i f i e d  i n  t h e  
5 0 0 -6 0 0  kev  r e g i o n .  The v a l u e  o f  784- kev  s t a t e d  by 
W i l k i n s o n  and H ic k s  a g r e e s  w e l l  w i t h  7 8 0 ^ 3 0  k ev  b u t  
d o e s  n o t  a g r e e  w i t h  C a l r k e ’ s 8 0 0 - 8 1 0  k ev  e n e r g y  v a l u e .  
W i l k i n s o n  and  H i c k s  a n d  C l a r k e  g i v e  v a l u e s  o f  890  k e v  
and  860~865  k e v  f o r  t h e  n e x t  h i g h e s t  e n e r g y  gamma r a y  
t  r a n s i t i o n .
B e c a u s e  o f  t h e  h i g h e r  s p e c i f i c  a c t i v i t y  o f  t h e  s e c o n d  
bo m b a rd m e n t ,  m e a s u re m e n t  o f  t h e  h a l f - l i f e  an d  d e t e r m i n a t i o n  
o f  t h e  e l e c t r o n  e n e r g i e s  by a b s o r p t i o n  m e a s u r e m e n t s  w ere  
made on p u r i f i e d  r h e n i u m - 1 8 4 .  B o th  p e r i o d s  o f  4 4 i 5  h o u r s  
an d  44 t o  51 d a y s  w e re  o b s e r v e d  i n  t h e  p u r i f i e d  r h e n i u m -  
184  f r a c t i o n .
E x a m i n a t i o n  o f  P e r i o d s  A s s o c i a t e d  w i t h  The Gamma R a y s :
The h a l f - l i f e  o f  e a c h  gamma r a y  was f o l l o w e d  by  
s c i n t i l l a t i o n  c o u n t i n g .  The i n s t r u m e n t  was s e t  a t  t h e  
same t h r e s h o l d  p o s i t i o n  f o r  e a c h  gamma r a y  p e a k  and  t h e  
s p e c t r u m  c o u n t e d  a t  v a r i o u s  i n t e r v a l s .  E a ch  gamma p e a k  
was a n a l y z e d  s e p a r a t e l y  t o  f i n d  i t s  p e r i o d  and t h e n  t h e y  
w ere  g r o u p e d  t o g e t h e r .
The o n l y  gamma p e a k s  f o r  w h i c h  t h e  h a l f - l i f e  c o u l d  be 
f o l l o w e d  w ere  t h e  60^1 k e v ,  llollO k e v ,  170 ^1 0  k e v ,
780130  kev  and 840+30 k e v .  The 240+15 kev  an d  
320+15 kev  were  much t o o  weak .  The 780+30 kev  
and  8 4 0 ^ 3 0  kev  gamma r a y s  had  a h i g h  e n o u g h  b o u n t i n g
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r a t e  b u t  due t o  t h e  p o o r  r e s o l u t i o n  i t  was d i f f i c u l t  
t o  g e t  a t r u e  p e a k  c o u n t i n g  r a t e .  H ow ever ,  b e c a u s e  
o f  t h e  im p ro v e m e n t  i n  c h e m i s t r y  and  good  y i e l d  i n  t h e  
s e c o n d  b o m b a r d m e n t , t h e  h a l f - l i f e  o f  t h e  r h e n i u m - 1 8 4  was 
f o l l o w e d  by b e t a  c o u n t i n g  and  m e a s u re m e n t  o f  a l l  gamma 
p e a k s  e x c e p t  f o r  t h e  v e r y  weak 24 0  a n d  3 20  k e v .  gamma r a y .
F i g u r e  32 shows t h e  h a l f - l i f e  c u r v e s  f o r  f i v e  gamma 
r a y s .  T h e i r  p e r i o d s  v a r y  f r o m  4 4 - 5 1  d a y s .  T h e se  v a l u e s  
a r e  i n  good  a g r e e m e n t  w i t h  t h e  r e p o r t e d  50  day  h a l f -  
l i f e  o f  r h e n i u m - 1 8 4 .  By m e a s u r i n g  t h e  r e l a t i v e  i n t e n s i t i e s  
o f  t h e  two lo w  e n e r g y  gamma r a y s  an d  p r o v i n g  t h e i r  
r e l a t i v e  i n t e n s i t i e s  r a t i o  t o  t h e  o t h e r  gamma r a y s  
d o e s  n o t  c h a n g e ,  t h e n  i t  c a n  b e  s a i d  t h e s e  o t h e r  two  
gamma r a y s  f o l l o w  t h e  same p e r i o d .
D e t e r m i n a t i o n  o f  R e l a t i v e  I n t e n s i t i e s o f  t h e  Gamma
R.ayfi a
M e a su re m e n t  o f  t h e  r e l a t i v e  i n t e n s i t i e s  o f  t h e  
e l e c t r o m a g n e t i c  r a d i a t i o n s  o f  r h e n i u m - 1 8 4  was made w i t h  
s c i n t i l l a t i o n  t e c h n i q u e s .  The same c o n d i t i o n s  a s  d e s ­
c r i b e d  i n  t h e  p r e v i o u s  work  on a r s e n i c - 7 6  w ere  u s e d .
N am ely ,  t h e  c r y s t a l  p h o s p h o r  a n d  p h o t o m u l t i p l i e r  t u b e  
w ere  c a l i b r a t e d  f o r  p h o t o e l e c t r o n  e f f i c i e n c y  w i t h  i s o ­
t o p e s  o f  w e l l  known gamma r a y  i n t e n s i t i e s .  I o d i n e - 1 3 1  
was u s e d  t o  o b t a i n c  t h i s  e x p e r i m e n t a l  e f f i c i e n c y  c u r v e .
The s a m p l e s  w ere  m o u n ted  t h e  same a s  t h e  r h e n i u m - 1 8 4
-o -
o -
+ ?0 KV* .
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s a m p le  and u n d e r  t h e  same g e o m e t r y .  E a c h  c a l i b r a t i o n  
s a m p le  was k e p t  b e lo w  a maximum c o u n t i n g  r a t e  o f  
5000 C/M on a G.M. t u b e  u n d e r  s i m i l a r  c o u n t i n g  c o n d i ­
t i o n s .  T h e se  s a m p l e s  w ere  s t r o n g e r  i h  b e t a  a c t i v i t y  
t h a n  t h e  r h e n i u m  sa m p le  b u t  w ere  a p p r o x i m a t e l y  e q u a l  
i n  am ount  o f  e l e c t r o m a g n e t i c  r a d i a t i o n .  Weak s a m p le s  
c a u s e  l e s s  d i s t o r t i o n  o f  t h e  s c i n t i l l a t i o n  s p e c t r u m  t h a n  
s t r o n g  s a m p l e s .  S t r o n g  o n e s  p i l e  up  low e n e r g y  p u l s e s .
T h e se  c a l i b r a t i o n  s a m p l e s  w e re  m e a s u re d  u n d e r  t h e  
same c o n d i t i o n s  a s  t h e  r h e n i u m - 1 8 4  s a m p l e s .  The a r e a s  
o f  t h e  p h o t o e l e c t r o n  p e a k s  were  m e a s u r e d  w i t h  a com­
p e n s a t i n g  p o l a r  p l a n i m e t e r .  A l a r g e  e r r o r  c an  a r i s e  h e r e  
b e c a u s e  o f  t h e  a r b i t r a r i n e s s  o f  s u b t r a c t i n g  t h e  Compton 
s c a t t e r i n g .  I o d i n e - 1 3 1  h a s  b e e n  e x t e n s i v e l y  i n v e s t i ­
g a t e d  and i t s  r e l a t i v e  gamma r a y  i n t e n s i t i e s  a r e  w e l l  
known.  O n ly  t h e  f i v e  m o s t  p r o m i n e n t  gamma r a y s  w e r e  u s e d  
f o r  t h i s  c a l i b r a t i o n  o f  p h o t o e l e c t r o n  e f f i c i e n c y :  t h e
80 k e v  ( 3 . 5 % ) ,  285 kev  ( 6 %), 365 k e v  ( 1 0 0 %), 634  k e v  ( 1 0 %) 
and  t h e  720 kev  (2 .5% )  ( 5 9 , 6 0 ) .  The m e a s u re d  a r e a s  w ere  
a d m u s te d  t o  100% e f f i c i e n c y .  F o r  e x a m p l e ,  t h e  a r e a  
o f  t h e  6 3 4  kev  p h o t o p e a k  was m u l t i p l i e d  by 10  and 
t h e  a r e a  o f  t h e  285 k ev  p h o t o p e a k  b y  1 6 . 6 .  T h e se  
v a l u e s  w ere  n o r m a l i z e d  s o  t h a t  t h e  l o g  o f  p h o t o e l e c t r o n  
p r o d u c t i o n  i s  1 0 0 % a t  e n e r g i e s  l e s s  t h a n  1 3 0  k ev  u s i n g  
a 2" x 2" Nal(TI  ) p h o s p h o r .  A t  e n e r g i e s  l e s s  t h a n  
1 3 0  kev  t h e  e f f i c i e n c y  f o r  p h o t o -
e l e c t r o n  p r o d u c t i o n  i s  1 0 0 $ .  F i g u r e  33 shows t h e  
e x p e r i m e n t  s c i n t i l l a t i o n  e f f i c i e n c y  c u r v e .  Curve  1 i s  
t h e  t h e o r e t i c a l  e f f i c i e n c y  c u r v e  f o r  a 1 " x l - l / 2 w 
N a l (T |  ) p h o s p h o r  ( 6 1 )  an d  Curve  2 i s  one o f  t h e  e x ­
p e r i m e n t a l  p h o t o e l e c t r i c  e f f i c i e n c y  c u r v e s  u s e d  i n  
t h i s  i n v e s t i g a t i o n .  I t  i s  u s e d  a s  an  e x a m p l e .
Curve  2 i s  e x p e r i m e n t a l  a n d  i n c l u d e s  i n  i t  t h e  
e r r o r s  r e s u l t i n g  f r o m  t h e  n o r m a l i z a t i o n  s t e p s ,  t h e  
i n a c c u r a c y  o f  t h e  r e l a t i v e  gamma r a y  i n t e n s i t i e s  d a t a ,  
and  m e a s u re m e n t  o f  t h e  p h o t o e l e c t r o n  p e a k  a r e a s .  How­
e v e r ,  u s i n g  s u c h  a c u r v e  e l i m i n a t e s  r e s o l u t i o n  e f f e c t s  
b o t h  f r o m  t h e  c r y s t a l  and  t h e  c h a n n e l  w i d t h .  A b s o r p t i o n  
o f  t h e  gamma r a y s  i n  t h e  A l ,  MgO a n d  s a m p le  m o u n t in g  
c a n  a l s o  b e  n e g l e c t e d  f o r  t h e y  a r e  c o n s t a n t s  f o r  a l l  
m e a s u r e m e n t s .  A t  t h e  b e s t  t h i s  m e thod  i s  good o n l y  t o  
£1 0 $ o f  t h e  r e l a t i v e  i n t e n s i t y  v a l u e  o b t a i n e d  i f  t h e  
p h o t o p e a k  i s  c l e a r l y  r e s o l v e d .
S e v e r a l  m e a s u r e m e n t s  w ere  made t o  d e t e r m i n e  t h e  
i n t e n s i t y  o f  t h e  v a r i o u s  gamma r a y s .  D a ta  s u c h  a s  
shown i n  F i g u r e  2 i n  t h e  g r a p h s ,  i s  r e p r e s e n t a t i v e  o f  
t h e  p h o t o  p e a k s  o b t a i n e d .  I n  a l l ,  t w e l v e  r u n s  w ere  
made.  One d i f f i c u l t y  i s  t o  s e p a r a t e  t h e  a r e a s  o f  t h e  
780  k e v  a n d  850 k e v  p h o t o p e a k s  t o  o b t a i n  r e p r e s e n t a t i v e  
a r e a s  f o r  m e a s u r e m e n t .  T h i s  l a t t e r  p r o b l e m  was n o t  
e n t i r e l y  s o l v e d  an d  t h u s  t h e  e x p e c t e d  e r r o r  i n  t h e s e  
r e s u l t s  i s  v e r y  l a r g e  ( £ 2 0 $ ) ,  T a b u l a t e d ^  i n t e n s i t y  
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Fig. 33 P h o t o e l e c t r o n  S c i n t i l l a t i o n  Ef f i c i ency
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T a b l e  XV 
Gamma Ray R e l a t i v e  I n t e n s i t y  
Gamma r a y  E n e r g y - k e y  R e l a t i v e  I n t e n s i t y *
1 60±5
o•H
2 n o i i o . 1 4
3 1 6 0 ± 1 0 .1 6
4 2 4 0 - 1 5 . 0 4
5 3 2 0 - 1 5 ,02
6 7 8 0 - 3 0 . 7 5
7 840-30 1 . 3 7
* The r e l a t i v e  i n t e n s i t y  v a l u e s  a r e  b a s e d  
on a r e l a t i v e  i n t e n s i t y  o f  u n i t y  f o r  t h e  60 k e v  
x - r a y  p e a k .
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An e r r o r  i n  t h e  l a s t  two i n t e n s i t i e s  may r e s u l t  
f r o m  t h e  i n a b i l i t y  t o  r e s o l v e  t h e m  a t  s u c h  a t h r e s h o l d  
s e t t i n g  t h a t  t h e  i n t e n s i t y  r a t i o s  t o  t h e  60 kev  gamma 
c a n  be  p r o p e r l y  m e a s u r e d .  The f i r s t  t h r e e  gamma r a y s ’ 
i n t e n s i t i e s  s h o u l d  be  good t o l l O / 6, w h i l e  Y and T 5 a r e  
p r o b a b l y  i n  e r r o r  by *20%, b e c a u s e  o f  t h e i r  low i n t e n ­
s i t i e s .  Th ese  e r r o r s  a r e  b a s e d  on t h e  v a r i a t i o n s  o f  
t h e  i n t e n s i t i e s  o b t a i n e d  i n  s e v e r a l  m e a s u r e m e n t s .
5.  C o n c l u s i o n s :
The e n e r g y  v a l u e s ,  p e r i o d ,  and r e l a t i v e  i n t e n s i t i e s  
o f  s e v e n  gamma r a y s  h a v e  b e e n  m e a s u r e d .  T h e se  gamma 
r a y s  b e l o n g  t o  a p p r o x i m a t e l y  50*5 d a y  p e r i o d .  A 
p a r t i a l  d e c a y  scheme c a n n o t  be  p r e s e n t e d  h o w e v e r ,  b e c a u s e  
o f  l a c k  o f  m e a s u r e m e n t s  o f  i n t e r n a l  c o n v e r s i o n  e l e c t r o n s  
and t h e i r  i n t e n s i t i e s  r e l a t i v e  t o  t h e  e l e c t r o m a g n e t i c  
r a d i a t i o n s .  The p o s s i b i l i t y  o f  any  o f  t h e  s e v e n  gamma 
r a y s ,  o b t a i n e d  i n  t h i s  i n v e s t i g a t i o n ,  b e l o n g i n g  t o  
r h e n i u m - 1 8 3  m u s t  be c o n s i d e r e d .  The h a l f - l i f e  m e a s u r e ­
m e n ts  were  n o t  e x y e n d e d  f o r  a s u f f i c i e n t l y  l o n g  t i m e  
i n t e r v a l  t o  o b s e r v e  t h e  1 5 0  d a y  p e r i o d  o f  r h e n i u m - 1 8 3 , 
i f  p r e s e n t .  The good a g r e e m e n t  o f  t h e  s c i n t i l l a t i o n  h a l f -  
l i f e  o f  t h e  gamma p e a k s  p l a c e s  t h e  60  k e v ,  1 10  k e v ,  16 0  
k e v ,  780 k e v ,  and 84 0  k e v  gamma r a y s  w i t h i n  a 44 t o  51 d ay  
p e r i o d .  The 240 kev a n d  320 kev  gamma r a y s  may b e l o n g  t o  
some l o n g e r  p e r i o d  b u t  t h e i r  i n t e n s i t i e s  r e m a i n  co n s ta n t  
W i t h i n  t h e  r a n g e  o f  e x p e r i m e n t a l  e r r o r  when c o m p a re d  w i t h  
t h e  o t h e r  gamma p e a k s .
s |^ tk
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